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ABSTRACT
We present the optical, near-infrared, submillimeter, and radio follow-up catalog of the X-ray selected
sources from an≈ 1 Ms Chandra observation of the Hubble Deep Field North region. We haveB, V , R, I,
and z′ magnitudes for the 370 X-ray point sources, HK ′ magnitudes for 276, and spectroscopic redshifts
for 182. We present high-quality spectra for 175 of these. The redshift distribution shows indications of
structures at z = 0.843 and z = 1.0175 (also detected in optical surveys) which could account for a part
of the field-to-field variation seen in the X-ray number counts; however, these structures do not dominate
the number of X-ray sources in the sample and hence should not strongly affect the redshift distribution.
All of the X-ray sources with z > 1.6 are either broad-line AGN or have narrow Lyα and/or CIII] 1909 A˚
emission; none of the known z > 1.6 absorption-line galaxies in the field are detected individually in
X-rays. We estimate photometric redshifts for the sources with B− I > 1.5 (bluer than this it is hard to
distinguish between low redshift irregulars and luminous high-redshift AGN) and find agreement (most
are within 25%) with the available spectroscopic redshifts. The majority of the galaxies in both the
2 − 8 keV (hard) and 0.5 − 2 keV (soft) samples have absolute magnitudes comparable to or more
luminous than M∗I = −22. The flux contributions separated into unit bins of redshift show that the
z < 1 spectroscopically identified sources already contribute about one-third of the total flux in both
the hard and soft bands. Thus, major accretion onto supermassive black holes has occurred since the
Universe was half its present age. We find from ratios of the X-ray counts that the X-ray spectra are
well-described by absorption of an intrinsic Γ = 1.8 power-law, with NH values ranging from about
1021 cm−2 to 5× 1023 cm−2. We find very little evolution in the maximum rest-frame opacity-corrected
and K-corrected 2 − 8 keV X-ray luminosities with decreasing redshift until z ∼< 0.5, where the volume
becomes too small to probe effectively very high luminosity sources. We estimate that the Chandra
sources that produce 87% of the HEAO-A X-ray background (XRB) at 3 keV produce 57% at 20 keV,
provided that at high energies the spectral shape of the sources continues to be well-described by a
Γ = 1.8 power-law. However, when the Chandra contributions are renormalized to the BeppoSAX XRB
at 3 keV, the shape matches fairly well the observed XRB at both energies. Thus, whether a substantial
population of as-yet undetected Compton-thick sources, or some change in the spectral shape of the
current sources from the simple power-law dependence, is required to completely resolve the XRB above
10 keV depends critically on how the currently discrepant XRB measurements in the 1− 10 keV energy
range tie together with the higher energy XRB.
Subject headings: cosmology: observations — galaxies: evolution — galaxies: formation
1. INTRODUCTION
X-ray surveys most directly trace accretion onto super-
massive black holes and hence provide our best window on
black hole evolution. Some primary observational goals
of X-ray studies include the measurement of supermas-
sive black hole properties (such as number density and
accretion rates) versus redshift and the determination of
the nature of the host galaxies. Since much of the ac-
cretion power in the Universe may be absorbed by sub-
stantial neutral hydrogen column densities (e.g., Fabian &
Iwasawa 1999), the challenge is to construct a complete
census of supermassive black holes to the earliest epoch,
including sources which are heavily obscured from soft X-
ray energies to the near-infrared (NIR). The census is well
underway for unobscured sources (i.e., quasars with broad
emission lines and big blue bumps), but the obscured pop-
ulation is not well-characterized, except for the relatively
rare radio galaxies.
A fundamental goal of the Chandra X-ray Observatory
was to resolve the hard (2 − 8 keV) X-ray background
(XRB) into discrete sources. At these energies the pho-
tons can penetrate all but the highest column densities
(> 1024 cm−2) of gas and dust, so many obscured ac-
tive galactic nuclei (AGN) can now be detected. The
two recent ≈ 1 Ms exposures of the Chandra Deep Field
North (CDF-N; Brandt et al. 2001c, hereafter B01) and
the Chandra Deep Field South (CDF-S; Giacconi et al.
2002) have resolved > 80 − 90% of the 2 − 8 keV XRB
into discrete sources (Campana et al. 2001; Cowie et al.
2002; Rosati et al. 2002) with the main uncertainty being
the normalization of the XRB itself. The CDF-N exposure
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2has recently been extended to a second megasecond.
Although with the Chandra and XMM-Newton Obser-
vatories there has been rapid improvement in our ability to
detect hard X-ray sources at the faintest fluxes, our efforts
to understand in detail the nature and evolution of the
sources creating the hard XRB are still in the early stages.
Optical and NIR follow-up studies of 100−300 ks Chandra
(Mushotzky et al. 2000; Hornschemeier et al. 2001, here-
after H01; Barger et al. 2001a, c; Tozzi et al. 2002; Stern et
al. 2002b) and XMM-Newton (Hasinger et al. 2001; Baldi
et al. 2002; Fiore et al. 2001) imaging surveys have found
that almost half of the hard X-ray light arises in optically
bright (I < 23.5) galaxies in the z < 1.5 redshift range.
Almost all of these sources can be spectroscopically identi-
fied, and most are bulge-dominated galaxies with near-L∗
luminosities. The other half of the hard X-ray light arises
in a mixture of z > 1.5 AGN and optically faint galaxies
(I > 23.5) that cannot be spectroscopically identified.
Contrary to the situation for the faint ROSAT soft X-
ray sources (Hasinger et al. 1998; Schmidt et al. 1998), the
vast majority (> 80%) of the spectroscopically identified
hard X-ray sources do not have broad optical or ultravio-
let lines, and almost half show no obvious high-ionization
signatures of AGN activity in their spectra. The hard to
soft X-ray flux ratios of the latter sources suggest that the
sources are highly absorbed systems whose high column
densities could effectively extinguish the optical, ultravi-
olet, and NIR continua from the AGN and render tradi-
tional identification techniques ineffective.
Based on the colors, many of the spectroscopically
unidentified I > 23.5 galaxies may lie at redshifts in the
range z = 1.5 to 3 (Crawford et al. 2001; Cowie et al.
2001; Barger et al. 2001a, b; Alexander et al. 2001). How-
ever, a very intriguing possibility suggested by Haiman
& Loeb (1999) is that some of the optically faint sources
may instead be low luminosity quasars at very high red-
shifts (z > 5), since cold dark matter models can allow a
large number of such high-redshift AGN.
The ≈ 1 Ms Chandra exposures have also resolved
> 90% of the soft (0.5−2) XRB into discrete sources (B01;
Rosati et al. 2002). At the faintest X-ray fluxes probed by
these exposures, galaxies whose X-ray light is dominated
by processes related to star formation rather than AGN
activity begin to be significant contributors to the number
counts, even though they contribute only 2−3% to the X-
ray light (e.g., Brandt et al. 2001a; Hornschemeier et al.
2002). The large numbers of detections are understand-
able since we now have the sensitivity to detect the most
luminous (> 2 × 1039 erg s−1) X-ray binaries and super-
nova remnants at z < 0.15. AGN may cease to dominate
the X-ray number counts at extremely faint fluxes (e.g.,
Moran, Lehnert, & Helfand 1999) in a manner analogous
to the dominance of star forming galaxies rather than AGN
at very faint radio fluxes (e.g., Richards 2000).
In this paper we present follow-up optical, NIR, and
submillimeter imaging and optical spectroscopy of the X-
ray sources detected in the ≈ 1 Ms CDF-N exposure to
characterize the properties of the faint X-ray source pop-
ulations. We then use our data to describe the evolution
of the X-ray sources and their host galaxies.
2. X-RAY SAMPLE
B01 presented the 975.3 ks CDF-N X-ray images, along
with details of the observations, data reduction, and tech-
nical analysis. B01 merged their source lists in four stan-
dard X-ray bands, 0.5 − 8 keV (full band), 0.5 − 2.0 keV
(soft band), 2−8 keV (hard band), and 4−8 keV (ultrahard
band), into a catalog (Table 3 in B01) of 370 significantly
detected point sources over an area of about 450 arcmin2.
Near the aim point the data reach limiting fluxes of
≈ 3 × 10−17 (0.5− 2 keV) and ≈ 2 × 10−16 erg cm−2 s−1
(2 − 8 keV), which are, respectively, ≈ 40 and ≈ 400
times fainter than achieved by pre-Chandra missions. The
number counts and completeness levels are described in
B01 and Cowie et al. (2002). The six extended X-ray
sources detected in the CDF-N are discussed in great de-
tail in Bauer et al. (2002) and will not be considered in
the present work.
In this paper we present a follow-up data table to match
the full B01 X-ray point source catalog. However, out-
side a 10′ radius from the approximate Chandra image
center J2000 RA 12h 36m 51.20s and Dec 62◦ 13′ 43.0′′
(this choice of center maximizes the average exposure time
within a 6.5′ radius circle), the X-ray point spread function
degrades rapidly; thus, in order to have a more uniform
flux sample with accurate positions for our analysis, in § 9
we introduce a restricted 10′ radius sample that we will
use (in addition to some even more restricted subsamples)
subsequently.
Table 1 lists the full 370 B01 X-ray sources by number
(column 1) and by RA and Dec coordinates in decimal de-
grees (columns 2 and 3). Columns 4− 15, to be discussed
in subsequent subsections, give submillimeter fluxes, radio
fluxes, isophotal R magnitudes, corrected aperture HK ′,
z′, I, R, V , and B magnitudes, optical ∆x and ∆y off-
sets in arcseconds from the X-ray positions, and redshifts.
The final column contains a ‘B’ if the spectrum has broad
emission lines and a ‘C’ if the source is optically compact.
Figure 1 shows a schematic of the 370 X-ray point
sources in the full B01 sample (solid squares denote sources
with spectroscopic identifications, as discussed in § 9).
Radii of 6.5′ and 10′ from the approximate X-ray image
center are indicated with large circles and will be discussed
in subsequent sections. The dashed contour shows the area
covered by the HK ′ imaging data (see § 4) and the solid
contour shows the area covered by the submillimeter data
(see § 6). The optical data cover a 24′ × 24′ area centered
on the Hubble Deep Field North (HDF-N).
3. OPTICAL OBSERVATIONS AND REDUCTION
The optical imaging data consist of Johnson B, John-
son V , Cousins R, Cousins I, and Sloan z′ observations
obtained with the Subaru Prime Focus Camera (Suprime-
Cam; Miyazaki et al. 1998) on the Subaru5 8.2 m telescope
between 2001 February and April. The images and cata-
logs of the entire sample of galaxies and stars in the field
are presented in P. Capak et al., in preparation, where a
more extensive discussion may be found. Here we briefly
summarize the Suprime-Cam observations and reductions.
A five step dither pattern with 1′ steps was used to fill in
the chip gaps and provide adequate offsets for flat-fielding
each dither pattern separately. Half the dither patterns
5The Subaru telescope is operated by the National Astronomical Observatory of Japan.
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were taken at a 90 degree rotation to provide better chip-
to-chip photometric calibration and remove bleeding from
saturated stars. The total exposure times were 6000 s in B
and V , 19440 s in R, 4080 s in I, and 11450 s in z′. Seeing
was good throughout the observations, ranging from 0.5′′
to 1.5′′. The median seeing in the final images is 0.75′′ in
B, 1′′ in V , 1′′ in R, 0.8′′ in I, and 0.8′′ in z′. The in-
verse second moment of the light in the highest resolution
B image was used to determine the compactness (Kron
1980). B < 26.5 sources consistent with being point-like
and unsaturated are marked ‘C’ for compact in the final
column of Table 1.
The data were reduced using Nick Kaiser’s Imcat soft-
ware package. The data were overscan corrected and bias
subtracted. Bad pixels were masked. No dark subtraction
was performed since Suprime-Cam has a negligible dark
current. A median sky flat was generated for each band to
correct for the vignetting pattern. For the I and z′ bands
a surface was tessellated over a grid spaced at 128 pixel
intervals. This surface was used instead of a median sky
flat to remove high frequency fringing, which is additive,
from the flat. To generate a fringe frame, a median sky
flat was created for each night in I and z′ and divided by
the tessellated surface. The fringe frame was scaled to the
background level in each chip and subtracted to remove the
fringing. Next, a separate median flat was generated for
each dither pattern to remove flattening variations caused
by flexure in the instrument. A second order polynomial
was then fit to the sky background and subtracted to re-
move the sky. After this reduction the images were flat to
better than 1% r.m.s.
The astrometric solution was obtained in two stages.
Stars brighter than 19th magnitude are saturated in most
of the science images making comparisons to the USNOA-
2 difficult. Thus, a standard star frame was fit to the
USNOA-2 to find a rough initial solution for each chip in
the mosaic. This initial solution was applied to the sci-
ence frames, and stars appearing within 2′′ of the same
position in at least four images were identified. A cubic
polynomial distortion was then fit to each chip of the mo-
saic in each exposure to minimize the r.m.s. scatter in the
position of the stars from exposure to exposure. The so-
lution was iterated several times to eliminate mismatched
stars. The absolute positioning was then chosen to match
the VLA 20 cm catalog of Richards (2000; see § 7), which
was also used in B01 to determine the absolute positions
of the Chandra sources.
We show z′-band thumbnail images of the CDF-N
sources in Fig. 2 ordered by B01 catalog number. We use
the z′-band since many of the sources are red and hence
more easily seen in this band. Each thumbnail is 18′′ on a
side. The number of the source from Table 1 is printed in
the upper left corner. If the source is also a submillimeter
source (see § 6), the letter ‘S’ is printed in the upper right
corner. If the source is also a radio source (see § 7), the
letter ‘R’ is printed in the upper right corner. If the source
is in the B01 2 − 8 keV sample, the letter ‘H’ is printed
in the bottom right corner. If there is a spectroscopic
identification for a source that lies within 2′′ of the X-ray
position (see § 9), then the redshift (or the word ‘STAR’
for a stellar spectrum) is printed in the bottom left corner.
If there is a spectroscopic identification for a source that
lies outside of our chosen cross-identification radius of 2′′
but still within 5′′ of the X-ray position, then the redshift
of that source is printed in fainter text to indicate that the
redshift has been given for interest. However, apart from
two special cases discussed in § 9, such sources have not
been cross-identified in Table 1 with the X-ray sources, nor
have the redshifts been used in any subsequent analysis.
Of the 370 sources in the CDF-N catalog, 210 have
measured R magnitudes brighter than 24. Since the sur-
face density of galaxies and stars in this region is roughly
7.3 arcmin−2 to this magnitude limit, the number of ran-
dom overlaps should be small: 5 chance projections within
a 1.5′′ radius and 22 within a 3′′ radius. For the R < 24
sources the median offset between the optical and X-ray
positions is −0.09′′ in RA and −0.05′′ in Dec, illustrating
that the absolute astrometric solutions are indeed consis-
tent.
The positional uncertainties are expected primarily to
reflect the centroiding accuracies and the overall distor-
tions in the X-ray data, both of which increase as we move
to larger angles away from the optical axis of the Chan-
dra telescope and also depend on the flux of the source
(B01). In order to determine the relative positional ac-
curacy of the X-ray and optical data, we measured the
spread in offsets between the X-ray and optical positions
for the R ≤ 24 sample. Within a 6.5′ radius from the
approximate X-ray image center the r.m.s. dispersion is
0.28′′ in RA and 0.25′′ in Dec, while between 6.5′ and 10′
this rises to 0.58′′ in RA and 0.7′′ in Dec. The correspond-
ing two dimensional dispersions are 0.38′′ and 0.9′′. The
circles in Fig. 2 show 2′′ (5σ) radii for sources within 6.5′
of the center and 3.6′′ radii (4σ) for sources beyond this
radius. Nearly all the true counterparts should lie within
these error circles.
The Suprime-Cam data were photometrically calibrated
using sources in the HDF-N proper, as given in the catalog
of Ferna´ndez-Soto, Lanzetta, & Yahil (1999). To facili-
tate comparison with previous work, we give the B and V
magnitudes in the Johnson system and the R and I mag-
nitudes in the Kron-Cousins system. The offset between
AB magnitude and Vega-based magnitude is 0.41, 0.20,
0.0, and −0.11 for I, R, V , and B, respectively, where the
AB magnitude is defined by −48.60−2.5 logfν . Here fν is
the flux of the source in units of erg cm−2 s−1 Hz−1. The
z′ magnitudes are given in the AB system.
We measured the magnitude of each source in a 3′′ diam-
eter aperture. We then corrected to an approximate total
magnitude using an offset calculated as the median differ-
ence between 3′′ and 6′′ aperture magnitudes measured for
a complete I < 25 optical sample in the field. Higher res-
olution images were smoothed to match the seeing in the
poorer resolution images in order to give the most pre-
cise color measurements. For sources with a counterpart
brighter than z′ = 24 within 2′′ of the X-ray position, we
centered on the brightest z′-band peak within the 2′′ er-
ror circle. The optical ∆x and ∆y offsets in arcseconds
from the X-ray position (positive values are to the East
and North) are given in columns 13 and 14 of Table 1. For
optically fainter sources we centered on the X-ray position.
For sources brighter than R = 23 we also measured the
isophotal magnitude in the R-band to an isophotal level
which is 1% of the peak surface brightness. At magni-
tudes fainter than R = 20 the isophotal and corrected
aperture magnitudes generally agree well, except for the
4small number of X-ray sources which lie on the edges of
bright galaxies (sources 30, 62, 125, 192, 218, 225, 271, and
290). Here the isophotal magnitude measures the magni-
tude of the bright galaxy. At R < 20 the sizes of many
of the galaxies become larger than the 3′′ diameter aper-
ture, and the isophotal magnitudes become brighter than
the corrected aperture magnitudes. For these objects the
isophotal magnitude may be preferred.
The isophotal R magnitudes are given in column 6 of
Table 1 and the corrected aperture magnitudes for z′, I,
R, V , and B are given in columns 8−12. Sources which are
saturated in a given band are listed at a nominal magni-
tude of 18 (given in brackets), which is about a magnitude
brighter than where saturation occurs in the images, while
sources which are contaminated by bright neighbors or by
bleeding columns from bright stars are listed at a nominal
magnitude of 30. Sources with a negative flux in the aper-
ture are listed with a negative magnitude; in these cases
the absolute value of the magnitude was computed from
the absolute value of the flux. The 1σ limits of the images
are 27.0 (z′), 27.6 (I), 29.2 (R), 28.5 (V ), and 29.0 (B).
4. NEAR-INFRARED OBSERVATIONS AND REDUCTION
We have expanded the wide-field HK ′ coverage of the
HDF-N region presented in Barger et al. (1999) with new
HK ′ observations obtained with the University of Hawaii
2.2 m telescope. The new data were obtained UT 2001
March 1–6 with the University of Hawaii QUick Infrared
Camera (QUIRC; Hodapp et al. 1996). QUIRC utilizes
a 1024× 1024 pixel HgCdTe Astronomical Wide Area In-
frared Imaging (HAWAII) array produced by the Rock-
well International Science Center. At the f/10 focal ratio
the field-of-view of QUIRC is 193′′ × 193′′ with a scale of
0.1886 arcsec pixel−1. The observations were made us-
ing a notched HK ′ filter with a central wavelength of
1.8µm. The filter covers the longer wavelength region
of the H-band and the shorter wavelength region of the
K-band (roughly the K ′ filter). Because of its broad
bandpass and low sky background, this filter is extremely
fast and is roughly twice as sensitive as the H , K ′, or
Ks filters. Barger et al. (1999) found the empirical rela-
tion HK ′ − K = 0.13 + 0.05(I − K) to convert between
the HK ′ and K bands; for galaxies at most redshifts,
HK ′ −K ≈ 0.3.
We used a dither pattern of thirteen spatially shifted
short exposures of step-size 5′′ − 20′′ in all directions.
This observing strategy enabled us to use the data im-
ages for the subsequent sky subtraction and flat-fielding
procedures. Each object is sampled by a different ar-
ray pixel on each exposure, and the signal-to-noise ra-
tio should improve as the square root of the number of
frames. The dark current is insignificant in the QUIRC
data. The data were processed using median sky flats
generated from the dithered images and calibrated from
observations of UKIRT faint standards (Hawarden et al.
2001) taken on the first three nights when the sky was
photometric. The FWHM of the total composite image
is 0.8′′. The magnitudes were measured in 3.0′′ diameter
apertures and corrected to approximate total magnitudes
using an offset calculated as the median difference between
3′′ and 6′′ aperture magnitudes measured for a complete
HK ′ < 20 sample in the field.
Of the 370 sources in the B01 sample, 276 have HK ′
measurements. The corrected aperture HK ′ magnitudes
are given in column 7 of Table 1.
Fig. 3.— (a) R magnitude versus 2− 8 keV flux for the CDF-N
hard X-ray sample (solid squares; asterisks denote spectroscopically
identified stars) and for the Akiyama et al. (2000) data (solid di-
amonds). The large open squares show the median values of the
CDF-N optical magnitudes tabulated in Table 2a. The large open
diamond is the median value of the Akiyama et al. magnitudes. (b)
R magnitude versus 0.5−2 keV flux for the CDF-N soft X-ray sam-
ple (solid squares; asterisks denote spectroscopically identified stars)
and for the Lehmann et al. (2001) data (solid diamonds). The large
open squares show the median values of the CDF-N optical magni-
tudes tabulated in Table 2b. The two large open diamonds are the
median values of the Lehmann et al. magnitudes. In both (a) and
(b) the log(fX/fR) = 0.0 (solid) and log(fX/fR) = ±1 (dashed)
lines are loci of constant optical to X-ray flux that cover the range
of most of the X-ray selected sources at the brighter X-ray fluxes.
Sources fainter than R = 27.7 (the 4σ limit) are plotted at this mag-
nitude. Sources saturated in R are shown at a nominal magnitude
of R = 18 with downward pointing arrows.
5. OPTICAL PROPERTIES OF THE X-RAY SOURCES
In Fig. 3a we plot R magnitude versus 2−8 keV flux for
the full CDF-N hard X-ray sample (solid squares). Spec-
troscopically identified stars are denoted by asterisks. At
bright X-ray fluxes we include the Akiyama et al. (2000)
ASCA Large Sky Survey data (solid diamonds; the two
clusters and one source without an optical identification
have been excluded, and the star is off-scale), after con-
verting their 2 − 10 keV fluxes to 2 − 8 keV assuming
Γ = 1.7 (the value Akiyama et al. assumed in their paper
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for the intrinsic photon index). The flux in the R-band
is related to the R magnitude by log fR = −5.5 − 0.4R
(H01). The log(fX/fR) = 0 (solid) and log(fX/fR) = ±1
(dashed) lines are loci of constant optical to X-ray flux
that cover the range of most of the hard X-ray selected
sources at the brighter X-ray fluxes.
Median optical magnitudes for the CDF-N hard X-ray
sample are summarized in Table 2a and are shown in
Fig. 3a as large open squares. The large open diamond
shows the median optical magnitude for the Akiyama
et al. sample. The horizontal bars show the widths of
the flux bins while the vertical bars show the 68% confi-
dence range in the median computed using the number of
sources in each bin (Gehrels 1986). At bright X-ray fluxes
log(fX/fR) = 0 roughly matches the median optical mag-
nitudes, presumably because an unobscured AGN domi-
nates the total light output from each source. At fainter
X-ray fluxes the medians deviate above log(fX/fR) = 0
as the sources become obscured in the optical due to the
presence of dust and gas. At the faintest X-ray fluxes the
medians flatten as the optical light from the host galaxy
begins to dominate the total light output from each source.
Fig. 4.— B − R color versus (a) 2 − 8 keV flux for the hard
X-ray sample with R < 25 and versus (b) 0.5 − 2 keV flux for the
soft X-ray sample with R < 25. Both exclude any sources that are
saturated. Symbols are as in Fig. 3. (The Lehmann et al. 2001
sample did not include B − R colors so cannot be plotted in b.)
In Fig. 3b we plot R versus 0.5− 2 keV flux for the full
CDF-N soft X-ray sample (solid squares). At bright X-ray
fluxes we include the Lehmann et al. (2001) ROSAT Ul-
tra Deep Survey data (solid diamonds; groups and clusters
and one optically unidentified source have been excluded).
Spectroscopically identified stars are denoted by asterisks.
Again, the log(fX/fR) = 0 (solid) and log(fX/fR) = ±1
(dashed) lines are loci of constant optical to X-ray flux
that cover the range of most of the soft X-ray selected
sources at the brighter X-ray fluxes.
Median optical magnitudes for the CDF-N soft X-ray
sample are summarized in Table 2b and are shown as large
open squares in Fig. 3b. The two large open diamonds
show the median optical magnitudes for the Lehmann
et al. sample. Figure 3b and Table 2b show that at
fluxes above 10−15 erg cm−2 s−1 the log(fX/fR) = 0 line
matches the median optical magnitudes fairly well, again
presumably because an unobscured AGN dominates the
total light output from each source. Soft X-ray selected
AGN samples at fX > 8 × 10
−14 erg s−1 cm−2 (0.3 −
3.5 keV) from the Einstein Observatory Extended Medium
Sensitivity Survey (Stocke et al. 1991) also have values of
log(fX/fR) in a similar range. Unlike the hard sample,
the medians do not begin to deviate above log(fX/fR) at
fainter fluxes, presumably because soft-band sources are
mainly unobscured. Below 10−15 erg cm−2 s−1 the me-
dian optical magnitudes become constant, within the un-
certainties, as the optical light from the host galaxy begins
to dominate the total light output from each source.
In Fig. 4a (4b) we plot B − R color versus 2 − 8 keV
(0.5−2 keV) flux for the CDF-N hard (soft) X-ray sample
with R < 25, excluding any sources that are saturated.
Within the uncertainties the sources redden at faint X-ray
fluxes, with the effect being most pronounced in the faint
hard X-ray sources. This can be explained by the host
galaxy beginning to contribute a larger fraction of the to-
tal optical light at these fluxes relative to that contributed
by the AGN.
6. SUBMILLIMETER OBSERVATIONS AND REDUCTION
SCUBA jiggle map observations at 850 µm were taken
on the 15 m James Clerk Maxwell Telescope6 during ob-
serving runs in 2000 April and 2001 March and May.
We targeted areas in the CDF-N with large concentra-
tions of X-ray sources to maximize our submillimeter
coverage of the field at reasonable sensitivities. The
data were obtained in good weather conditions (median
τ(850µm)=0.282) for a total integration time of 146.5 ks.
The maps were dithered to prevent any regions of the
sky from repeatedly falling on bad bolometers. The chop
throw was fixed at a position angle of 90 deg so that
the negative beams would appear 45′′ on either side east-
west of the positive beam. Regular “skydips” (Light-
foot et al. 1998) were obtained to measure the zenith at-
mospheric opacities, and the 225 GHz sky opacity was
monitored at all times to check for sky stability. Point-
ing checks were performed every hour during the obser-
vations on the blazars 0923+392, 0954+685, 1144+402,
1216+487, 1219+285, 1308+326, or 1418+546. The data
were calibrated using jiggle maps of the primary cali-
6The James Clerk Maxwell Telescope is operated by the Joint Astronomy Centre on behalf of the UK Particle Physics and Astronomy
Research Council, the Netherlands Organization for Scientific Research, and the Canadian National Research Council.
6Fig. 5.— Unweighted averages of the normalized spectra for eight spectral types: (a) broad emission lines in the ultraviolet, (b) broad
emission lines in the optical, (c) Lyα and strong narrow CIV emission, (d) Lyα emission and CIV absorption, (e) strong [NeIII], (f) [OII]
emission, (g) low redshift objects with Hα emission, and (h) absorption. The composite spectra are marked with the emission and absorption
lines used to identify the individual spectra of Fig. 6. Table 3 lists the number of galaxies per spectral type for objects with spectra given in
Fig. 6.
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Table 2a
Median Optical Magnitudes for the 2− 8 keV CDF-N Sample
2− 8 keV flux range mean 2− 8 keV flux B V R I z′
(10−16 erg cm−2 s−1) (10−16 erg cm−2 s−1)
2 – 5 3.35 25.4 24.9 24.5 23.8 23.8
5 – 10 7.55 26.2 25.7 24.5 23.7 23.9
10 – 30 18.2 25.5 24.8 24.2 23.3 23.4
30 – 100 51.4 24.7 23.8 23.2 22.2 22.2
100 – 300 152. 23.8 23.0 22.5 21.7 21.7
300 – 1000 502. 21.1 21.4 20.2 19.9 20.1
Table 2b
Median Optical Magnitudes for the 0.5− 2 keV CDF-N Sample
0.5 − 2 keV flux range mean 0.5− 2 keV flux B V R I z′
(10−17 erg cm−2 s−1) (10−17 erg cm−2 s−1)
2 – 5 4.04 24.9 24.3 23.3 22.4 22.7
5 – 10 7.40 25.0 24.1 22.9 22.0 22.4
10 – 30 17.6 25.2 24.3 23.7 23.0 22.8
30 – 100 55.7 25.5 24.8 24.2 23.5 23.7
100 – 300 174. 24.5 23.9 23.5 22.9 22.9
300 – 1000 493. 22.5 22.1 21.7 21.1 21.2
bration source Mars or the secondary calibration sources
CRL618, OH231.8+4.2, or 16293-2422. Submillimeter
fluxes were measured using beam-weighted extraction rou-
tines that include both the positive and negative portions
of the beam profile.
The data were reduced using the dedicated SCUBA User
Reduction Facility (SURF; Jenness & Lightfoot 1998).
Due to the variation in the density of bolometer samples
across the maps, there is a rapid increase in the noise levels
at the very edges, so the low exposure edges were clipped.
The SURF reduction routines arbitrarily normalize all the
data maps in a reduction sequence to the central pixel of
the first map; thus, the noise levels in a combined image
are determined relative to the quality of the central pixel
in the first map. In order to determine the absolute noise
levels of our maps, we first eliminated the∼> 3σ real sources
in each field by subtracting an appropriately normalized
version of the beam profile. We then iteratively adjusted
the noise normalization until the dispersion of the signal-
to-noise ratio measured at random positions became ∼ 1.
The new data were combined in the reduction process
with the jiggle maps previously obtained by Barger, Cowie,
& Richards (2000) which targeted optically faint radio
sources. We also used the Hughes et al. (1998) HDF-N
proper ultradeep map, as rereduced by Barger et al. We
restrict our catalog to the 93 arcmin2 area covered by our
SCUBA jiggle maps at better than 5 mJy sensitivity. The
area sensitive to 2.5 mJy is 65 arcmin2, and the area sen-
sitive to 1.25 mJy is 21 arcmin2.
We first measured the submillimeter fluxes at the posi-
tions of the 20 cm (> 5σ) sources from Richards (2000)
that fell on our SCUBA maps. Any radio source that we
detected above the 3σ level at 850 µm was included in a
“detection list”. We next measured all > 5σ submillime-
ter sources that did not have a radio counterpart. We
identified two and added them to the list. The > 5σ crite-
rion for the non-radio submillimeter sources ensures that
the sources are real and that their positions are relatively
accurate, while the weaker > 3σ selection criterion is ap-
propriate for a pre-selected radio sample.
After compiling the detection list, we compared the co-
ordinates of our X-ray sources with the coordinates of the
sources in the detection list. When an X-ray source was
found to lie within 3′′ of a source in the detection list, we
identified the list source as the counterpart to the X-ray
source. No Chandra X-ray source was within 10′′ of ei-
ther of the two > 5σ submillimeter sources without radio
counterparts, while all of the radio-detected > 3σ submil-
limeter sources identified as counterparts to X-ray sources
were within 1.5′′ of the X-ray source positions; thus, the
identifications do not depend critically on the choice of
search radius. Once the cross-identifications were made,
the sources in the detection list were removed from the
SCUBA maps since the wide and complex beam patterns
of the bright SCUBA sources can produce spurious de-
tections at other positions. Submillimeter fluxes and un-
certainties were then measured at all the unassigned X-
ray positions using a recursive loop which removed X-ray
8sources that were detected in the submillimeter above the
3σ level in a descending order of significance prior to re-
measuring the fluxes. This procedure again avoids multi-
ple or spurious detections of a single bright submillimeter
source.
The submillimeter fluxes and uncertainties are given in
column 4 of Table 1. The interpretation of the submillime-
ter data is presented in Barger et al. (2001b).
7. RADIO OBSERVATIONS
We use the Richards (2000) source catalog of the very
deep 20 cm VLA map centered on the HDF-N. The image
covers a 40′ diameter region with an effective resolution
of 1.8′′ and a 5σ completeness limit of 40 µJy. The abso-
lute radio positions are known to 0.1′′− 0.2′′ r.m.s. X-ray
sources were identified with radio sources if there were a
5σ radio source within 2′′ of the X-ray position. The use of
the radio data in black hole studies is discussed in Barger
et al. (2001c) and H01.
8. SPECTROSCOPIC OBSERVATIONS AND REDUCTION
The region surrounding the HDF-N has been the sub-
ject of a number of spectroscopic campaigns, and many
of the optical sources have known spectroscopic redshifts
(e.g., Cohen et al. 2000; Dawson et al. 2001). Additional
redshifts have been obtained of the X-ray sample itself
(H01; A. E. Hornschemeier et al., in preparation) with
the Hobby-Eberly Telescope and with the Low Resolu-
tion Imaging Spectrograph (LRIS; Oke et al. 1995) on the
Keck7 10 m telescopes. We have obtained our own spec-
tra for as many of the X-ray sources as possible so that
we can fully characterize the sources using a homogeneous
dataset. In our final spectroscopic sample there are only
7 sources for which we do not have our own spectra, all of
which are taken from the Cohen et al. (2000) compilation.
Spectra were primarily obtained with LRIS in multi-slit
mode. For sources with I ≤ 24.5 counterparts within a
2′′ radius, we positioned the slits at the optical centers.
For the remaining sources we positioned the slits at the
X-ray centroid positions. We used 1.4′′ wide slits through-
out. Initially we used the 300 lines mm−1 grating blazed
at 5000 A˚, which gives a wavelength resolution of ∼ 16 A˚
and a wavelength coverage of ∼ 5000 A˚. The wavelength
range for each object depends on the exact location of
the slit in the mask but is generally between ∼ 5000 and
10000 A˚. After the blue side of LRIS was implemented,
we used the 400 lines mm−1 grating on the red side and
the 600 lines mm−1 grism on the blue side, split by the
560 dichroic. This gives a slightly higher resolution spec-
trum (∼ 12 A˚) and nearly complete wavelength coverage
from ∼ 3500 to 10000 A˚. The observations were taken
with exposure times of 1 to 1.5 hr per slit mask. Each
exposure was broken into three subsets with the objects
stepped along the slit by 2′′ in each direction. The sky
backgrounds were removed using the medians of the im-
ages to avoid the difficult and time-consuming problems
of flat-fielding LRIS data. Fainter objects were observed a
number of times with the maximum exposure time for an
individual source around 6 hours. Details of the spectro-
scopic reduction procedures can be found in Cowie et al.
(1996).
Additional observations of X-ray sources with bright op-
tical counterparts were obtained with the multifiber wide-
field HYDRA spectrograph (Barden et al. 1994) on the
WIYN8 3.5 m telescope on UT 2001 February 19–20 and
UT 2002 February 6. A 316 lines mm−1 grating was used
to obtain a wavelength range of 4900 − 10200 A˚ with a
resolution of approximately 2.6 A˚ pixel−1. The red bench
camera was used with the 3′′ ‘red’ HYDRA fibers to max-
imize the sensitivity at longer wavelengths. To obtain a
wavelength solution for each fiber, CuAr comparison lamps
were observed in each HYDRA configuration. Our HY-
DRA masks were designed to maximize the number of
optically bright sources in each configuration and to mini-
mize the amount of overlap between configurations. Fibers
that were unable to be placed on a source were assigned
to a random sky location. We observed 5.3 hours on each
of two HYDRA configurations in 2001 and 93 mins on a
third configuration in 2002. To remove fiber-to-fiber vari-
ations, on-source observations were alternated with ±7.5′′
offset ‘sky’ exposures taken with the same exposure time.
This effectively reduced our on-source integration time to
2.6 hours for each configuration in 2001 and to 53 mins for
the configuration in 2002.
Fig. 7.— R magnitude versus 2− 8 keV flux for the hard X-ray
sources within a 10′ radius of the approximate X-ray image cen-
ter. Solid (open) squares denote sources with (without) redshifts.
The dashed line shows the approximate R magnitude to which the
sources can be spectroscopically identified with deep 10 m telescope
observations (R = 24). The star is shown as an asterisk. Objects
saturated in R are shown at a nominal magnitude of R = 18 with
downward pointing arrows. Sources fainter than the 4σ limit of
R = 27.7 are plotted at this magnitude limit.
Reductions were performed with the standard IRAF9
task DOHYDRA. To optimize sky subtraction, we per-
formed a two-step process. In the first step, the DOHY-
DRA routine was used to create an average sky spectrum
7The W. M. Keck Observatory is operated as a scientific partnership among the California Institute of Technology, the University of
California, and NASA, and was made possible by the generous financial support of the W. M. Keck Foundation.
8The WIYN Observatory is a joint facility of the University of Wisconsin, Indiana University, Yale University, and the National Optical
Astronomy Observatory.
9IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Table 3
Number of X-ray Sources Per Spectral Type for Objects with Spectra in Fig. 6
Class Number
Stars 12
Broad-line emission (ultraviolet or optical) 30
Lyα + CIV emission 9
Lyα emission + CIV absorption 2
[NeIII] emission 22
[OII] or Hα emission 67
Absorption 33
using the fibers assigned to random sky locations. This
average sky spectrum was then removed from all of the
remaining fibers. In the offset images, this step effectively
removed all of the sky signal leaving behind only residuals
caused by differences among the fibers. To remove these
variations, we then subtracted the residuals present in the
sky-subtracted offsets from the sky-subtracted on-source
spectra. We found this method to be very effective at
removing the residuals created by fiber-to-fiber varations
with HYDRA.
9. SPECTROSCOPIC REDSHIFTS
Only spectra which could be confidently identified based
on multiple emission and/or absorption lines were included
in the sample. In Fig. 5 we show unweighted averages of
our normalized spectra to illustrate the lines used to iden-
tify the different spectral types. Given the positional un-
certainties discussed in § 3, we have only cross-identified
X-ray sources with spectroscopic counterparts if the ra-
dial offsets are ≤ 2′′ (see columns 13 and 14 of Table 1).
These redshifts are given in the lower left corner of each
thumbnail image in Fig. 2 and are summarized in Table 1.
Objects where spectra were obtained but no identification
could be made are marked ‘obs’ for observed in column 15
of Table 1. In 13 cases we have spectroscopically identified
an object that lies outside our chosen cross-identification
radius but still within 5′′ of the X-ray position. We use
fainter text in Fig. 2 to give the redshifts for these nearby
sources for interest; however, apart from two special cases,
we do not give these redshifts in Table 1 nor do we use
them in our subsequent analysis. The two special cases are
X-ray sources 218 and 290, which appear to lie within the
outer envelopes of large extended galaxies with Riso < 19.
Since there is very little probability that such bright galax-
ies would randomly fall so close to an X-ray source, we
include the redshifts for these two sources in Table 1 and
use them in our subsequent analysis.
With this selection 182 of the 370 X-ray sources (49%)
have spectroscopic identifications, including 12 stars. The
175 identifiable spectra from the present work (154 galax-
ies and 6 stars from Keck, 9 galaxies and 6 stars from
WIYN) are shown in Fig. 6. (Redshift and B01 catalog
number are given at the base of each spectrum. The WIYN
spectra are denoted by the letter ‘W’ and are not flux cal-
ibrated.) The remaining 7 redshifts are taken from the
compilation of Cohen et al. (2000). In the last column of
Table 1 we denote with the letter ‘B’ sources with broad
emission lines in their spectra (see Figs. 5a, b). There are
30 such sources in the sample. Table 3 lists the number
of galaxies per spectral type (see Fig. 5) for objects with
spectra given in Fig. 6.
Outside a 10′ radius from the approximate Chandra
image center the X-ray point spread function degrades
rapidly, so we do not include these sources in our sub-
sequent figures or analysis. Within 10′, which corresponds
to a 294 arcmin2 area on the X-ray image, there are 330
Chandra sources, including 10 stars. Hereafter, we refer to
this as our X-ray sample. Of the 189 galaxy sources with
R ≤ 24, 147 (78%) have been spectroscopically identified.
The great majority of the identified extragalactic sources
with R ≤ 24 lie below a redshift of one (104/147 or 71%).
In Fig. 7 we illustrate for the hard X-ray sample how most
sources with R ≤ 24 can be spectroscopically identified
while only a few can be identified at fainter optical mag-
nitudes.
Fig. 8.— Redshift versus R magnitude for the X-ray sources,
excluding stars, within a 10′ radius of the approximate X-ray image
center. Objects saturated in R are shown at a nominal magnitude
of 18.2. Objects with spectra in Fig. 6 are denoted by solid squares,
and the 7 with redshifts from the literature are denoted by open
squares. Objects with broad lines are enclosed in a second larger
symbol. Objects without redshift identifications are shown at ei-
ther z = −0.3 (open triangles for objects within a 6.5′ radius of the
approximate X-ray image center) or z = −0.7 (open diamonds for
objects between radii of 6.5′ and 10′).
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In Fig. 8 we show the redshift-magnitude relation for
the galaxy population (squares; unidentified objects are
plotted below z = 0 with different symbols). Broad-
line sources (distinguished by a second larger symbol) are
systematically the most optically luminous of the X-ray
sources because of the AGN contribution to the light. The
gap between z ∼ 1.5 and 2 reflects the difficulty of identify-
ing sources with redshifts in this range, where [OII] 3727 A˚
has moved out of the optical window and Lyα 1216 A˚ has
not yet entered.
All of the sources with z > 1.6 are either broad-line
AGN or have narrow Lyα and/or CIII] 1909 A˚ emission.
There are 14 broad-line AGN versus 11 narrow-line emit-
ters at these redshifts, but this may reflect selection bias in
the spectroscopic identifications since the broad-line AGN
are generally brighter and easier to identify. Most of the
narrow-line sources also have CIV 1550 A˚ in emission, but
two have CIV 1550 A˚ in absorption.
Fig. 9.— Redshift versus R magnitude for optically selected
sources in a 6′ × 6′ region centered on the HDF-N (open squares).
Sources with a counterpart in the X-ray sample are denoted by solid
diamonds, and broad-line AGN are enclosed with a second larger
symbol.
Intriguingly, while there are a substantial number of
optically identified absorption-line sources with z > 1.6
known in the HDF-N (e.g., see Brandt et al. 2001b and
references therein) and flanking fields, none of these are
present in the X-ray sample. We illustrate this in Fig. 9
where we show the redshift-magnitude diagram for an op-
tically selected sample in a 6′ × 6′ region surrounding
the HDF-N. In this region 90% of the 435 sources with
R ≤ 23.5 have been spectroscopically identified (open
squares). The sources with a counterpart in the X-ray
sample are denoted by solid diamonds. All three of the
high-redshift sources with X-ray emission have Lyα in
emission (two of these are broad-line AGN), which sug-
gests that only this type of object has X-ray counterparts
at our current X-ray sensitivity. Stacking analyses may
show a weaker signal below the sensitivity of the individ-
ual detections (Brandt et al. 2001b; Nandra et al. 2002).
Roughly a third of the low-redshift sources are detected
at 20 cm, and 3 out of the 11 high-redshift narrow emis-
sion line sources are detected. However, none of the high-
redshift broad-line AGN are detected at 20 cm.
Fig. 10.— (a) Redshift distribution for two bin sizes (∆z = 0.1
and ∆z = 0.01) for sources within a 10′ radius of the approximate
X-ray image center. (b) R magnitude versus redshift blow-up shows
the two structures centered at z = 0.843 and z = 1.0175. Sources
within 1000 km s−1 of the center positions are denoted by solid
squares, other X-ray sources are denoted by open squares, and field
galaxies are denoted by plus signs.
In Fig. 10a we show the histograms of the redshift dis-
tribution of our X-ray sample for two bin sizes (∆z = 0.1
and ∆z = 0.01). The lower resolution binning suggests an
excess of objects in two broad redshift bins, which is also
evident in the higher resolution binning. In Fig. 10b we
show an R magnitude versus redshift blow-up of the two
structures centered on z = 0.843 and z = 1.0175 that are
seen in the higher resolution histogram. Sources within
1000 km s−1 of the center positions are denoted by solid
squares, other X-ray sources are denoted by open squares,
and field galaxies, for comparison, are denoted by plus
signs. These are the only two structures which contain at
least 10 X-ray sources with the specified velocity width. A
smaller structure at z = 0.477 contains 8 X-ray sources.
Figure 10 suggests that there may be large scale struc-
ture in the field (spatially the sources also look clustered),
but the structures do not dominate the number of X-ray
sources in the sample so our redshift distribution should
not be strongly affected by clustering. However, the num-
ber of sources in these structures (a total of 24 identified
sources in the z = 0.843 and z = 1.0175 structures) is suf-
ficiently large that it could account for a part of the field-
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to-field variation seen in the X-ray number counts (e.g.,
Cowie et al. 2002). Similar redshift structures have also
been detected in the CDF-S exposure (Hasinger 2002).
We note that Cohen et al. (2000) also detected strong
redshift peaks at z=0.848 and z=1.016 in their optical sur-
vey of the HDF-N region. Dawson et al. (2002) even
claimed the serendipitous discovery of ClG 1236+6215, a
galaxy cluster with redshift z=0.85; however, Bauer et al.
(2002) did not significantly detect diffuse X-ray emission
associated with this cluster.
10. COLORS AND PHOTOMETRIC REDSHIFTS
Broad-band galaxy colors have been extensively used in
recent years to obtain photometric redshift estimates of
galaxies (e.g., Bolzonella, Pello, & Miralles 2000). How-
ever, the spectral energy distributions of X-ray sources
may be rather complex since they arise from both the
host galaxy and the AGN. Moreover, the spectral shape
of the AGN relative to that of the host galaxy may vary
depending on the degree of obscuration. In principle it
might be possible to model this with complex templates,
but here we simply try to determine empirically which of
the sources in our X-ray sample can have their redshifts es-
timated from the color information using standard galaxy
templates. It is precisely for the cases where the AGN
is obscured (and hence a spectroscopic redshift hard to
obtain) that the photometric redshifts are of most inter-
est, and it is in these cases that the photometric redshift
estimates may be expected to work best.
We begin by comparing color-color diagrams with the
tracks with redshift that would be followed by a given
galaxy type. In Fig. 11a we show B − R versus R − I
for the 269 sources in our X-ray sample with I < 25, and
in Fig. 11b we show B − I versus I − HK ′ for the 208
sources with HK ′ < 21.5. (In both cases we have excluded
sources saturated in the optical images or contaminated by
a nearby bright galaxy.) In Fig. 11a circles (squares) de-
note galaxies with z < 0.65 (z > 0.65); in Fig. 11b, circles
(squares) denote z < 1 (z > 1). The redshifts z = 0.65
and z = 1 correspond to where the 4000 A˚ break passes
through the R and I-bands, respectively. We have dis-
tinguished sources with broad emission lines in their ob-
served spectra (which may be expected to be dominated
by the AGN light) by enclosing them in a second larger
symbol. Spectroscopically unidentified galaxies are shown
as plus signs. We overlay on the plots the z = 0 to z = 3
tracks that would be followed by unevolving (i.e., invariant
rest-frame spectra) E (top), Sb (middle), and Irr (bottom)
galaxies with spectral shapes taken from Coleman, Wu, &
Weedman (1980).
From Fig. 11a we see that nearly the whole X-ray sam-
ple lies either in the region populated by the galaxy tracks
or in regions where a dominant AGN would migrate the
colors. The broad-line systems are all extremely blue and
lie in a small region of the B−R versus R−I plane. How-
ever, they substantially overlap with the irregular galaxies,
making it hard to distinguish between low redshift irregu-
lars and luminous high-redshift AGN purely on the basis of
color. The redder galaxies fall in two well-defined regions.
The reason for the split is the passage of the 4000 A˚ break
through the R-band at this redshift, which results in the
colors, which were originally moving up the solid arms of
the unevolving galaxy tracks, crossing to the dashed arms
and then migrating down with redshift. There appear to
be relatively few sources with colors as red as an elliptical
galaxy at z > 0.65 but many sources with colors similar
to Sb or Sa galaxies. There are substantial numbers of
spectroscopically unidentified galaxies in both of the well-
defined regions and also in the AGN/Irr region, but there
are only a tiny number outside those areas.
Fig. 11.— (a) B − R versus R − I for the I < 25 X-ray
sources within a 10′ radius of the approximate X-ray image cen-
ter, excluding the sources that are saturated or contaminated by a
bright neighbor. Plus signs denote galaxies without redshift identifi-
cations. Circles (squares) denote galaxies with z < 0.65 (z > 0.65).
Broad-line sources are enclosed in a second larger symbol. Ob-
jects with R − I > 1.9 (B − R > 3.4) are plotted at R − I = 1.9
(B−R = 3.4). The overlaid curves show the tracks that would be fol-
lowed by unevolving E (top), Sb (middle), and Irr (bottom) galaxies
with spectral shapes from Coleman, Wu, & Weedman (1980). The
redshift range of the tracks is z = 0 to z = 3, with the z < 0.65
(z > 0.65) region illustrated by a solid (dashed) line. (b) B − I
versus I − HK ′ for the HK ′ < 21.5 X-ray sources within the 10′
radius, excluding the sources that are saturated or contaminated
by a bright neighbor. The symbols and the galaxy tracks are the
same as in (a), except here the circles (squares) denote galaxies with
z < 1 (z > 1), and the solid (dashed) tracks illustrate the region
with z < 1 (z > 1). Objects with I −HK ′ > 5.9 (B − I > 5.9) are
plotted at I −HK ′ = 5.9 (B − I = 5.9). The dotted line shows the
star-galaxy discriminator of Gardner (1992), modified to the HK ′
system (Barger et al. 1999). Stars are expected to lie to the left of
this line, as is the case for the one spectroscopically identified star
which is not saturated (asterisk).
The unidentified sources in Fig. 11b seem to preferen-
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tially lie at z > 1, with only a small number at lower red-
shifts. This is partially a selection effect since the higher
redshift galaxies have redder NIR colors and hence are
more likely to show up in an HK ′ magnitude-limited sam-
ple. As in Fig. 11a, very few of the galaxies lie near the
elliptical track at high redshifts, with most of the sources
having Sa/Sb colors or bluer. There is a substantial spread
in the I − HK ′ colors of the broad-line sources, which
may reflect varying host galaxy contributions in the NIR.
In Fig. 11b we show the star-galaxy discriminator (dotted
line) used by Gardner (1992) and modified to the HK ′
system (Barger et al. 1999). Stars are expected to lie to
the left of this line, and it is clear from the figure that
there are very few optically faint stars in the X-ray sam-
ple (most have I ∼< 19), with only one (spectroscopically
identified) star lying in this region (asterisk).
We next used the Hyperz code of Bolzonella et al. (2000)
and the magnitudes (including HK ′, where available) of
Table 1 to estimate photometric redshifts. Seven up-
dated Bruzual & Charlot (1993) models corresponding to
present-day E, S0, Sa, Sb, Sc, Sd, and Irr galaxies were
used, as well as a single-burst model. These templates
cover the entire range of possible ages. The ratio of the
photometric redshift estimate from Hyperz to the observed
spectroscopic redshift is shown versus B−I color in Fig. 12
for spectroscopically identified sources which are not sat-
urated in any of the optical bands or contaminated by
neighbors. Broad-line sources are enclosed in a second
larger symbol. As we saw from Fig. 11, the present anal-
ysis cannot distinguish the AGN from the Irr galaxies.
However, redder than B − I = 1.5 (vertical dotted line),
the photometric redshift estimates become more robust,
and most sources have photometric redshifts within 25%
of the spectroscopic redshift, as shown by the horizontal
dashed lines.
Fig. 12.— Ratio of photometric (calculated with the Hyperz
program and the magnitudes in Table 1) to spectroscopic redshifts
versus B− I color for the sources within a 10′ radius of the approx-
imate X-ray image center, excluding the sources that are saturated
or contaminated by a bright neighbor. Broad-line sources are en-
closed with a second larger symbol. AGN contamination degrades
the photometric redshift fits, but redder than B − I = 1.5 (verti-
cal dotted line) the photometric redshifts generally agree with the
actual redshifts to within 25% (horizontal dashed lines).
The use of compactness and apparent magnitude as
prior constraints can improve the agreement between the
photometric and spectroscopic redshifts for sources with
blue colors since AGN are likely to be at high redshifts,
compact, and bright, while the Irr galaxies are likely to be
at low redshifts, extended, and faint. However, even with
these constraints, the featurelessness of the blue spectra
and the overlap of the apparent magnitudes means there
is still a high degree of indeterminacy for the blue objects.
Ultraviolet data would significantly improve the identifi-
cation of these types of objects.
In our subsequent analysis we restrict our use of the pho-
tometric redshifts to galaxies with B− I > 1.5 and I < 25
that are also not saturated or near a contaminating bright
object.
Fig. 13.— Spectroscopic redshift versus I magnitude (solid
squares) for the (a) 2 − 8 keV and (b) 0.5 − 2 keV X-ray sam-
ples within a 10′ radius of the approximate X-ray image center.
Broad-line sources are enclosed in a second larger symbol. The
open symbols denote photometric redshifts for unidentified or un-
observed sources with B − I > 1.5. In (a) 22 objects bluer than
B − I = 1.5 without spectroscopic redshifts are omitted from the
plot and in (b) 26. The solid lines show the tracks of unevolving
Sb galaxies with absolute rest-frame magnitudes MI = −22 (lower
tracks) and MI = −24.5 (upper tracks).
11. ABSOLUTE MAGNITUDES OF THE OPTICAL
COUNTERPARTS
In Figs. 13 we show redshift versus I magnitude for
our 0.5 − 2 keV and 2 − 8 keV samples; we plot only
objects having optical magnitudes between I = 20 and
I = 25. Sources with spectroscopic (photometric) red-
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shifts are denoted by solid (open) symbols. Broad-line
sources are enclosed in a second larger symbol. The
solid lines show the expected tracks for an unevolving Sb
galaxy with MI = −24.5 (upper tracks) and MI = −22
(lower tracks). The M∗B = −20.4 galaxy from Loveday
et al. (1992) roughly corresponds to an Sb galaxy with
M∗I = −22.0.
Of the 236 hard (2 − 8 keV) X-ray sources in our sam-
ple, 177 lie in the I = 20 to I = 25 range, of which
155 (97 spectroscopic and 58 photometric) are shown (22
B−I < 1.5 objects are omitted). Of these, 29 are brighter
than MI = −24.5 and 113 are brighter than M
∗
I = −22.
Of the 288 soft X-ray sources in our sample, 205 lie in the
I = 20 to I = 25 range, of which 179 (115 spectroscopic
and 64 photometric) are shown (26 B − I < 1.5 objects
are omitted). Of these, 34 are brighter than MI = −24.5
and 134 are brighter than M∗I = −22. Thus, most of the
galaxies in both the hard and soft samples are comparable
to or more luminous than M∗I .
12. X-RAY PROPERTIES
In our analysis of the X-ray source properties, we
consider two restricted uniform flux-limited subsamples.
Hereafter, we refer to these as our ‘deep’ and ‘bright’ sub-
samples. For the deep subsample we consider a 6.5′ ra-
dius high image quality and high exposure time region
around the approximate center of the X-ray image. The
minimum exposure time for a source in the 6.5′ radius re-
gion is 660 ks. The 90% enclosed energy radius is less
than 7 arcseconds for the 2 − 8 keV band. Allowing for
these variations, we select sources detected above fluxes of
10−16 erg cm−2 s−1 (0.5− 2 keV), 5× 10−16 erg cm−2 s−1
(2− 8 keV), and 10−15 erg cm−2 s−1 (4− 8 keV). For the
bright subsample we consider the 10′ radius region, ex-
cept now we select only sources detected above fluxes of
10−15 erg cm−2 s−1 (0.5− 2 keV), 5× 10−15 erg cm−2 s−1
(2− 8 keV), and 10−14 erg cm−2 s−1 (4− 8 keV). The in-
completeness and bias corrections are expected to be small
at the flux levels of both the deep and bright subsamples
(Cowie et al. 2002).
12.1. Redshift Distributions
We show the redshift distributions for the deep (squares)
and bright (inverted triangles) subsamples versus X-ray
flux in Figs. 14. Broad-line sources are enclosed in a second
larger symbol. The spectroscopically unidentified or un-
observed sources with photometric redshift estimates from
§ 10 are plotted as open symbols at those redshifts, while
sources without a photometric redshift estimate are plot-
ted below the z = 0 line. In Fig. 14a we also include
the ASCA Large Sky Survey data (circles) from Akiyama
et al. (2000) and the SSA13 (diamonds) and A370 (trian-
gles) data from Barger et al. (2001a, b). In Fig. 14b we
include the ROSAT Ultra Deep Survey data (circles) from
Lehmann et al. (2001).
The percentage of the total light in the hard or soft
deep subsample that comes from spectroscopically identi-
fied point sources in each redshift interval is indicated. In
the hard deep subsample at least 35% arises below z = 1
and at least 55% arises below z = 2. These percentages
increase to 40% and 73% if we include the sources in the
hard deep subsample with photometric redshifts. Simi-
larly, in the soft deep subsample at least 31% arises below
z = 1 and at least 62% arises below z = 2. These percent-
ages increase to 36% and 73% if we include the sources in
the soft deep subsample with photometric redshifts. Thus,
the bulk of the total 2− 8 keV and 0.5− 2 keV flux in the
deep subsamples arises at recent times, which is broadly
consistent with the results of other X-ray samples (Barger
et al. 2001c; Hasinger 2002).
Fig. 14.— Redshift versus X-ray flux for the deep (squares) plus
bright (inverted triangles) (a) hard and (b) soft X-ray subsamples
(see § 12). Broad-line sources are enclosed in a second larger symbol.
Spectroscopically unidentified or unobserved sources with (without)
photometric redshifts are plotted as open symbols at those redshifts
(below the z = 0 line). In (a) we also plot the Akiyama et al. (2000)
data (circles) and the Barger et al. (2001a,b) SSA13 (diamonds) and
A370 data (triangles). In (b) we include the Lehmann et al. (2001)
data (circles). At the left is given the percentage of the total light in
the hard or soft deep subsample that comes from spectroscopically
identified point sources in each redshift interval.
12.2. Spectral Characteristics
The conversion from counts to flux, the correction for
opacity effects, and the K-correction all depend on the
shape of the source spectrum. For a power-law spectrum
with photon index Γ the counts s−1 in an energy band E1
to E2 are given by NE1−E2 = κ
∫ E2
E1
A(E) E−Γ dE, where
A(E) is the effective detector area at energy E and κ E−Γ
has units of photons cm−2 s−1 keV−1. Once the normal-
ization of the spectrum, κ, is determined from the observed
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counts, the flux is f =
∫ E2
E1
F (E) dE where F = κ E1−Γ.
The energy index is α = Γ− 1.
For their counts to flux conversion, B01 used an effec-
tive Γ for each source determined from the ratio of the
hard-band to soft-band counts. In this section we take a
different approach and try to determine the best choice of
input spectrum by considering the 4−8 keV sample, which
is the least biased by any optical depth selection.
We consider only sources within 6.5′ of the approxi-
mate X-ray image center that have 4− 8 keV fluxes above
2× 10−15 erg cm−2 s−1. All the sources that satisfy these
criteria are also detected in the 0.5− 2 keV and 2− 8 keV
bands. Moreover, since the selected flux limit is well below
the value 10−14 erg cm−2 s−1 where most of the XRB con-
tributions originate (e.g., Cowie et al. 2002), these sources
should be representative of the ‘typical’ source dominating
the backgound.
Fig. 15.— Observed (0.5−2 keV counts)/(4−8 keV counts) ver-
sus (2−4 keV counts)/(4−8 keV counts). The solid squares show a
4−8 keV sample within 6.5′ of the approximate X-ray image center
with fluxes greater than 2×10−15 erg cm−2 s−1. All of the sources
in this sample are also detected in the 0.5 − 2 keV and 2 − 8 keV
bands. The large open squares (diamonds) show sources with spec-
troscopic redshifts z < 1 (z > 1). The solid line is the track for an
unobscured power-law source with varying photon index; the tick
marks correspond to Γ = (−1,−0.5, 0, 0.5, 1, 1.5, 2, 2.5) with the val-
ues increasing from bottom to top. The dashed line shows the track
of a power-law source with an intrinsic Γ = 2 versus rest-frame NH ;
the tick marks correspond to logNH = (21, 21.5, 21.7, 22, 22.5, 22.7)
with the values increasing from top to bottom. The two dotted
lines show the tracks of similar absorbed power-laws with intrinsic
spectral photon indices Γ = 1.5 (left) and Γ = 2.5 (right).
In Fig. 15 we show (0.5 − 2 keV counts)/(4 − 8 keV
counts) versus (2−4 keV counts)/(4−8 keV counts). (The
2−4 keV counts were determined from the difference of the
2−8 keV and 4−8 keV counts.) Sources with spectroscopic
redshifts are denoted by a second larger symbol (squares
for z < 1 and diamonds for z > 1). Two simple models
are also shown. The solid line is the track expected for a
power-law source with varying photon index Γ. A single
photon index cannot simultaneously match both the hard
and soft X-ray colors, and a strong break from harder to
softer spectra is required as the energy increases. An only
slightly more complicated model is one where we assume
a fixed intrinsic photon index that is absorbed at low en-
ergies by photoelectric absorption from a varying column
density of material in front of the source. The dashed line
is the track expected for a power-law source with a fixed
Γ = 2 index and a varying opacity, computed using the
cross-section for solar abundances (Morrison & McCam-
mon 1983). Over the energy range of interest for signifi-
cant opacity, the cross-section, σ(E), can be approximated
by a single power-law
σ(E) = 2.4× 10−22 E−2.6 cm−2
with E in keV. The dotted lines show similar absorbed
power-laws with intrinsic photon indices Γ = 1.5 (left line)
and Γ = 2.5 (right line). As a consequence of the power-
law energy dependence of the cross-section, the effective
hydrogen column density has a redshift dependence
Neff = NH/(1 + z)
2.6
It is clear from Fig. 15 that the X-ray colors of the sources
are reasonably well-described by this type of model and
that most of the sources lie within the Γ = 1.5 to Γ = 2.5
tracks. The fact that the dashed line in Fig. 15 is nearly
vertical shows that absorption effects have little conse-
quence above 2 keV but produce significant flux suppres-
sions below 2 keV.
Fig. 16.— Histograms for the bright and deep subsamples selected
in the 2− 8 keV band showing the distributions by optical spectral
type (see Table 3) of the hardness of the sources, as specified by
the (0.5 − 2 keV)/(2 − 8 keV) counts ratio. The counts ratio for
any source not detected in the soft band was determined using the
0.5 − 2 keV upper limit given in Table 3 of B01, so such sources
could lie to the left of the current positions. In the third panel from
the bottom the solid (dashed) line shows the distribution of sources
with [NeIII] emission (CIV emission).
In Fig. 16 we show for the bright and deep subsamples
selected in the 2 − 8 keV band the hardness distribution
(as specified by the ratio of the soft-band to hard-band
counts) with optical spectral type. The broad-line sources
have an extremely narrow hardness range which would cor-
respond to a spectral index of Γ = 1.7 in the absence of
optical depth effects. Nearly all have Γ < 1.8. The stars
are the softest X-ray sources, as is well-known. The re-
maining sources span a wide range of hardness, from very
hard to comparable to that of the broad-line AGN. The
line-of-sight column densities for these latter sources are
only loosely related to the optical spectral characteristics;
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this is likely due to different viewing angles for AGN lead-
ing to different X-ray and optical obscurations. Based on
the distribution of the counts ratios of the broad-line AGN
in Fig. 16, we adopt an intrinsic Γ = 1.8 in the absence of
absorption in the subsequent discussion.
We now use the Γ = 1.8 input spectrum to investigate
the range of intrinsic column densitiesNH (i.e., the column
densities in the rest-frame of each source) that produce the
absorption. In Fig. 17 we plot (0.5 − 2 keV counts)/(2 −
8 keV counts) versus redshift for the 0.5 − 2 keV and
2 − 8 keV deep subsamples. Sources with spectroscopic
(photometric) redshifts are denoted by solid (open) sym-
bols. We overlay on the data fixed intrinsic NH curves
generated assuming an intrinsic Γ = 1.8 power-law spec-
trum and absorption by the photoelectric cross-section.
We do not show any curves after Compton thickness effects
become important. At z < 1 the sources in the sample ap-
pear to be well-described by the logNH ≤ 23.5 curves. At
z > 1 there are only a small number of spectroscopically
unidentified sources which potentially could have column
densities much in excess of logNH = 23.5. Such sources
may be very optically faint and thus preferentially lack
redshifts.
Fig. 17.— The natural logarithm of the (0.5−2 keV)/(2−8 keV)
counts ratio versus redshift for the 0.5− 2 keV and 2− 8 keV deep
subsamples. Sources only detected in the soft (hard) band are shown
with upward (downward) pointing arrows using the limits from Ta-
ble 3 of B01. We overlay as solid curves the values expected for a
source with an intrinsic Γ = 1.8 spectrum (shown by the dashed
line) and an intrinsic column density of gas and dust corresponding
to logNH = (22, 22.5, 23, 23.5) (solid lines). Sources with spec-
troscopic redshifts are denoted by solid symbols. Unidentified or
unobserved sources are denoted by open symbols at either the pho-
tometric redshift or at z = 1.5, if the object is too faint or too blue
to have a photometric redshift.
In Fig. 18 we plot the deduced intrinsic NH values for
the individual sources in the 2− 8 keV selected bright and
deep subsamples with either spectroscopic or photomet-
ric redshifts. The inferred NH values range from about
1021 cm−2 to 5× 1023 cm−2. As expected, the broad-line
AGN (denoted by a second larger symbol) have compara-
tively low NH values.
Our description is simple, and we caution that when
sources get absorbed by material that is almost or fully
Compton-thick, other components could take over to de-
termine the spectral shape, including scattering of X-rays
around the absorber, multiple lines-of-sight through the
absorber, circumnuclear starburst emission, etc. These ef-
fects will tend to give more flux at low energies than would
be expected from the simple model. Thus, column densi-
ties can be underestimated, with the underestimation fac-
tor getting larger as the column density gets larger. Con-
sequently, there could still be some Compton-thick sources
in our sample, even if we do not recognize them as such.
This is an interesting issue, and in the next section we
examine whether the XRB requires contributions from a
population of Compton-thick sources.
Fig. 18.— Rest-frame column densities required to produce the
observed (2 − 8 keV)/(0.5 − 2 keV) counts ratios versus redshift
for the 2 − 8 keV bright and deep subsamples with spectroscopic
(solid) or photometric (open) redshifts. Sources not detected in the
soft band are shown with upward pointing arrows using the limits
from Table 3 of B01. The z = 5.18 source is off-scale. Sources
with broad emission lines in their spectra are indicated with a sec-
ond larger symbol. These broad-line sources are among the lowest
column density systems.
12.3. High Energy XRB Contributions
An important question is how much of the very high
energy (> 8 keV) XRB our current sample has resolved,
and hence how much light might still be needed from
Compton-thick sources. In Fig. 19 we plot the total XRB
contributions from the 2 − 8 keV deep subsample (thick
solid line), computed for each source assuming an intrinsic
Γ = 1.8 power-law together with an optical depth deter-
mined from the (0.5 − 2 keV)/(2 − 8 keV) counts ratio.
The dashed (Boldt 1987) and dotted (Gruber et al. 1984;
Gruber 1992; Fabian & Barcons 1992) lines show the XRB
measurements obtained by HEAO-A. The deep subsample
produces about 87% of this background at 3 keV and 57%
at 20 keV.
However, if the Chandra data were renormalized at
3 keV to the higher ASCA or BeppoSAX measurements
(the latter, taken from Vecchi et al. 1999, are shown in
Fig. 19 by the dot-dashed line), then the shape of the
combined contributions from the Chandra sources matches
fairly well that of the observed XRB (thin solid line) at
both energies. Thus, whether the match to the high en-
ergy XRB requires either a substantial population of as-
yet undetected Compton-thick sources or some change in
the spectral shape of the current sources from the simple
power-law dependence clearly depends critically on how
the low energy and high energy XRB measurements tie
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together (see also Fabian, Wilman, & Crawford 2002 for a
theoretical discussion).
Fig. 19.— Total XRB contribution from the 2 − 8 keV deep
subsample (thick solid line) based on an intrinsic Γ = 1.8 power-
law dependence combined with an opacity determined from the
(0.5−2 keV)/(2−8 keV) counts ratio for each source in the subsam-
ple. The dashed (dotted) line shows the HEAO-A XRB measure-
ment from Boldt 1987 (Gruber et al. 1984; Gruber 1992; Fabian &
Barcons 1992). The dot-dashed line is the BeppoSAX measurement
of Vecchi et al. (1999). Other measurements in the 1−10 keV range
lie between the HEAO-A and BeppoSAX measurements. The thin
solid line is the total XRB contribution from the 2 − 8 keV deep
subsample, renormalized to match the BeppoSAX measurement at
3 keV.
12.4. X-ray Luminosities
Since the translation of observed Chandra counts to flux
depends on the assumed spectral shape, the computation
of the intrinsic rest-frame X-ray luminosities using the in-
trinsic Γ = 1.8 spectrum and the inferred rest-frame NH
values requires a recomputation of the B01 fluxes, followed
by a correction for the opacity (which reduces the observed
flux) and a (1 + z)−0.2 K-correction. It turns out that all
of these effects are small in the 2 − 8 keV band, and the
final 2 − 8 keV luminosities that we calculate only differ
from those which would be computed directly with the
B01 fluxes and a zero K-correction by an average factor
of 0.83 with a weak redshift dependence. This factor is
similar to the 0.85 constant factor used by Barger et al.
(2001a) to empirically correct their 2− 8 keV luminosities
for these effects.
In Fig. 20 we show our rest-frame opacity-corrected and
K-corrected 2− 8 keV luminosities versus redshift for the
2 − 8 keV bright and deep subsamples with spectroscopic
identifications. Figure 20 shows very little evolution in the
maximum X-ray luminosities with decreasing redshifts un-
til z ∼< 0.5, at which point the volume becomes too small
to probe effectively very high luminosity sources. If there
were considerable evolution of the maximum luminosities,
as is seen in the optical, then we would not have detected
any high luminosity sources at low redshift.
There has been some discussion in the literature about
rare finds of high-redshift type II quasars (e.g., Nor-
man et al. 2002; Stern et al. 2002a). We note that at
L2−8 keV ∼> 10
44 erg s−1 and z > 2 we also find two such
non-broad-line systems, objects 184 and 287 from Table 1,
both of which are narrow Lyα emitters. At z ≈ 1 we
also see two such systems, objects 69 and 280 in Table 1,
both of which have [NeIII] and [NeV] emission; 280 also
has narrow Balmer emission lines. However, we stress that
high-redshift type II quasars are by no means responsible
for producing the bulk of the XRB at these energies (see
§ 12.1).
Fig. 20.— Rest-frame opacity-corrected and K-corrected
2 − 8 keV luminosity versus redshift for the hard deep and bright
subsamples with spectroscopic identifications. The solid squares
(diamonds) denote sources in the deep (bright) subsample. Sources
identified spectroscopically as broad-line AGN are denoted by a sec-
ond larger symbol. The solid (dashed) curve shows the X-ray lumi-
nosity limit inferred from the deep (bright) subsample flux limit of
5× 10−16 erg cm−2 s−1 (5 × 10−15 erg cm−2 s−1).
Because the optical depth effects are much larger at
low energies, the corrections described above depend sen-
sitively on the choice of intrinsic spectrum; thus, we have
not attempted to calculate intrinsic rest-frame 0.5−2 keV
luminosities. Instead, in Fig. 21 we show observed-frame
0.5 − 2 keV luminosity (based on the B01 fluxes with no
opacity correction) versus redshift for the soft bright and
deep subsamples at z < 1. Sources with an intrinsic rest-
frame L2−8 keV ∼> 10
42 erg s−1 are denoted by open sym-
bols, and those with fainter hard X-ray luminosities are
denoted by solid symbols. X-ray luminosities of local star-
bursts never exceed 1042 erg s−1 (Zezas, Georgantopoulos,
& Ward 1998; Moran et al. 1999), so any source more
luminous than this is very likely an AGN.
Below 1042 erg s−1 the sources could be more ‘typical’
galaxies whose X-ray emission is dominated by a popu-
lation of X-ray binaries, hot interstellar gas, or a low-
luminosity AGN. We detect 18 low-luminosity sources in
the 0.5 − 2 deep subsample, which corresponds to a sur-
face density of 490+140
−110 deg
−2. These sources contribute
a very small fraction (approximately 3%) of the total
0.5 − 2 keV light in the deep subsample and are not a
significant contributor to the XRB. A more thorough dis-
cussion of the optically bright, X-ray faint source popula-
tion to which normal galaxies belong can be found in A.
E. Hornschemeier et al., in preparation.
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Fig. 21.— Observed 0.5−2 keV luminosity versus redshift for the
soft deep and bright subsamples with spectroscopic identifications.
The open squares (diamonds) denote sources in the deep (bright)
subsample with L2−8 keV ∼> 10
42 erg s−1; the solid symbols de-
note those with fainter hard X-ray luminosities. Sources identified
spectroscopically as broad-line AGN are denoted by a second larger
symbol. The solid (dashed) curve shows the observed X-ray lumi-
nosity limit inferred from the deep (bright) subsample flux limit of
10−16 erg cm−2 s−1 (10−15 erg cm−2 s−1).
12.5. Optical versus X-ray Luminosities
We calculate B-band luminosities, LB, for the X-ray
sources using the relation
LB = 4pid
2
L(1.5× 10
14)f4500(1+z)(1 + z)
−1
where dL is the luminosity distance in cm, f4500(1+z) is
the rest-frame B-band flux in units of erg cm−2 s−1 Hz−1
(estimated by interpolating from the observed fluxes cor-
responding to the magnitudes given in Table 1), and
1.5× 1014 Hz is the width of the B-band filter. In Fig. 22
we plot rest-frame LB versus L2−8 keV (from § 12.4) for the
2−8 keV bright and deep subsamples. The solid lines have
slopes log(LB/L2−8 keV ) = 100, 10, 1, 0.1, and 0.01. The
open (solid) symbols denote sources with redshifts z > 1.2
(z < 1.2). The second larger symbols denote spectroscopic
broad-line AGN.
The z > 1.2 sources approximately follow the line
log(LB/L2−8 keV ) = 1, which suggests that the central
AGN in these galaxies dominate their optical luminosi-
ties. At L2−8 keV ∼< 10
43 erg s−1 the locus flattens above
the log(LB/L2−8 keV ) = 1 line; here the host galaxy light
starts to dominate the total optical light. At the high X-
ray luminosities most of the identified sources are broad-
line AGN. Since the unobscured AGN light dominates the
optical light in these systems, no matter what redshifts the
sources are at we should have no trouble identifying them
spectroscopically. However, at high redshifts and high X-
ray luminosities, we may be unable to spectroscopically
identify high-extinction AGN due to the obscuration of
the optical light originating from the AGN.
Fig. 22.— Rest-frame B-band luminosity versus rest-frame
opacity-corrected andK-corrected 2−8 keV luminosity for the spec-
troscopically identified hard deep and bright subsamples. The open
(solid) symbols denote sources with redshifts z > 1.2 (z < 1.2).
The second larger symbols denote spectroscopic broad-line AGN.
The two objects which are saturated in R and I are shown as lower
limits with upward pointing arrows. The solid lines have slopes
log(LB/L2−8 keV ) = 100, 10, 1, 0.1, and 0.01. The dotted line is
the luminosity of anM∗
B
= −20.4 galaxy from Loveday et al. (1992).
13. SUMMARY
We presented a catalog of the optical, NIR, submillime-
ter, and radio properties of the X-ray sources identified
in the ≈ 1 Ms Chandra exposure of the CDF-N. We now
have redshifts for 182 of the 370 X-ray sources, and we
presented the spectra for 175. The redshift identifications
are very complete (78%) for the R ≤ 24 galaxy sources in
a 10′ radius around the approximate X-ray image center.
All of the X-ray sources with z > 1.6 are either broad-line
AGN or have narrow Lyα and/or CIII] 1909 A˚ emission;
none of the known z > 1.6 absorption line systems in the
field are detected in X-rays.
We found spectroscopic evidence for large scale struc-
ture in the field which could account for a part of the
field-to-field variation seen in the X-ray number counts.
However, since the observed structures do not dominate
the number of X-ray sources in the sample, the redshift
distribution should not be too strongly affected by clus-
tering.
The broad-line sources are all extremely blue, making
it hard to distinguish between low redshift irregulars and
luminous high-redshift AGN purely on the basis of color.
Very few of the redder X-ray sources, whether spectroscop-
ically identified or not, lie outside the regions populated
by unevolving spiral galaxy tracks.
We estimated photometric redshifts for the sources using
our five broad-band colors (six when HK ′ was available).
Above B − I = 1.5 the photometric redshift estimates are
quite robust; for most sources with available spectroscopic
redshifts the photometric redshifts are within 25%. The
majority of galaxies have absolute magnitudes comparable
to or more luminous than M∗I = −22.
We found that the spectral energy distributions of the
X-ray sources are well-described by a Γ = 1.8 intrin-
sic spectrum corrected for absorption. We determined
the absorbing column densities for our sources with red-
18
shifts and found that they range from about 1021 cm−2 to
5× 1023 cm−2.
We calculated intrinsic rest-frame hard and observed-
frame soft X-ray luminosities. We found very little evolu-
tion in the maximum hard X-ray luminosities until z ∼< 0.5,
at which point the volume becomes too small to probe the
very high luminosity sources. At soft X-ray luminosities
of L0.5−2 keV < 10
42 erg s−1 the ‘typical’ galaxy, whose
X-ray emission may be dominated by a population of X-
ray binaries, hot interstellar gas, or a low-luminosity AGN,
becomes important.
We calculated B-band luminosities, LB, for the X-
ray sources. Sources with z > 1.2 approximately follow
the line log(LB/L2−8 keV ) = 1, which suggests that the
AGN dominate the optical luminosities. At L2−8 keV ∼
1043 erg s−1 the locus flattens above the line, which sug-
gests this is where the host galaxy light starts to dominate
the optical light.
Redshift slices of the sources versus X-ray flux show that
substantial contributions to the total X-ray flux in both
bands (of order one-third using only the present spectro-
scopic sample) come from z < 1. Thus, major accretion
onto supermassive black holes has occurred since the Uni-
verse was half its present age.
We estimated that the Chandra sources that produce
87% of the HEAO-A XRB at 3 keV produce 57% at
20 keV, provided that at high energies the spectral shape
of the sources continues to be well-described by a Γ = 1.8
power-law. However, when the Chandra contributions are
renormalized to the BeppoSAX XRB at 3 keV, the shape
matches fairly well the observed XRB at both energies.
Thus, whether a substantial population of as-yet unde-
tected Compton-thick sources or some change in the spec-
tral shape of the current sources from the simple power-
law dependence is required to resolve the high energy XRB
depends critically on how the low energy and high energy
XRB measurements tie together.
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Fig. 1.— Schematic diagram of the 370 X-ray point sources (squares) in the B01 catalog of the CDF-N. Spectroscopically identified X-ray
sources are solid. Radii of 6.5′ and 10′ from the approximate X-ray image center are indicated by the large circles. The dashed (solid) contour
shows the area coverage of the HK ′ (submillimeter) observations. The optical data cover a larger field (24′ × 24′) than that shown.
Fig. 2.— z′-band thumbnail images of the 370 X-ray point sources in the B01 catalog. The 1σ AB magnitude limit is 27.0. The thumbnails
are 18′′ on a side and are labeled with the B01 catalog number (column 1 of Table 1 in this paper) in the upper left corner. The expected
position of each source is shown with a 2′′ radius circle if it is within 6.5′ of the approximate X-ray image center and with a 3.6′′ radius circle
otherwise. If an optically identified source is within 2′′ of the nominal X-ray position, then the spectroscopic redshift is shown in the lower
left corner. If a bright optically identified source is within 5′′ of the nominal X-ray position, then the redshift of that source is printed with
fainter text. Sources detected in the B01 2 − 8 keV catalog have an ‘H’ printed in the lower right corner. Sources also detected at 20 cm or
850 µm have, respectively, an ‘R’ or an ‘S’ printed in the upper right corner. North is up and East is to the left.
Fig. 6.— Spectra for 175 of the 182 X-ray sources with spectroscopic redshifts versus rest-frame wavelength. The hatched regions show
the positions of strong atmospheric bands and night sky emission lines. In each case we give the redshift and the B01 number. Sources with
WIYN spectra are marked with a ‘W’ and are not flux calibrated.
Table 1. Optical, Submillimeter, and Radio Properties of the CDF-N X-ray Sample
B01 RA Dec 850 m 20 cm R(iso) HK
0
z
0
I R V B x
a
y
a
z type
b
(2000) (2000) (mJy) (Jy) (
00
) (
00
)
1 188.813873 62.23525             26:0 28:4 26:8 28:3 27:5         
2 188.819000 62.26025              25:8  25:3  26:5  25:7  27:6         
3 188.838242 62.27450       21:8    21:1 20:8 21:7 22:2 22:9 0:8 0:0 0.559
4 188.839798 62.25064              26:9 26:6 27:7 27:7 27:2         
5 188.843094 62.23125             24:0 23:7 24:1 24:7 25:7         
6 188.854111 62.25658             24:6 24:8 25:6 26:6 26:4         
7 188.869492 62.24128             24:7 26:0 27:3 27:4  30:8         
8 188.872330 62.21553    135  11 23:1    22:0 22:0 22:8 23:4 23:8 0:0 0:8 obs C
9 188.873505 62.30636              26:7 26:9 26:6 29:3 28:4         
10 188.896500 62.24150             24:1 23:9 24:2 24:3 24:5       obs
11 188.900421 62.31756             23:3 23:6 24:8 25:9 25:8 0:8  0:8   
12 188.900711 62.27953       [18:0]    [18:0] [18:0] [18:0] [18:0] 17:5 0:0 0:9 star
13 188.905121 62.28986       22:3    21:9 21:5 22:2 22:1 22:4  0:8 0:4 2.050 B
14 188.910461 62.27872    3550  179 20:0    19:6 18:8 19:8 20:0 20:3 0:0 0:0 0.712 BC
15 188.912888 62.26683             23:3 22:9 23:1 23:1 23:4 0:4  0:4 2.574 BC
16 188.913681 62.21994             27:3  30:4 28:6 28:3  28:1         
17 188.925949 62.32978             25:6 25:8 27:6 27:8 28:7         
18 188.928955 62.19553             26:0 25:3 25:8 27:3 26:9         
19 188.936127 62.29322             24:7 24:2 24:9 25:1 25:2         
20 188.939499 62.30006           21:0 26:3 26:4  29:6  27:3  30:9         
21 188.941254 62.23058          20:9 24:7 24:9 25:5 26:1 26:5       obs
22 188.941803 62.26669           21:0 25:2 25:1 28:0 28:5 28:5         
23 188.942459 62.29161           20:6  27:4  25:9  28:7  25:8  29:2         
24 188.948425 62.25375          21:6 24:6 24:7 25:5 25:7 26:0         
25 188.951248 62.28442          19:8 22:6 22:5 23:2 23:7 23:9 0:8  0:4 obs
26 188.951950 62.32542             25:2 24:9 25:3 26:2 27:4         
27 188.952164 62.25561       22:9 20:1 21:9 21:7 22:9 23:4 24:2 1:6  0:4 0.885
28 188.955826 62.26022    74  9    19:3 22:8 22:6 23:1 23:4 24:0 0:0 0:0 obs
29 188.960037 62.30252           21:6 24:3 24:4 25:4 25:6 26:3         
30 188.960831 62.24875       20:1 18:5 22:5 22:2 22:7 23:7 24:8 0:0 0:0 obs
31 188.965576 62.29925           20:5 25:4 27:3 26:7  27:9 27:7         
32 188.971451 62.17708       21:4 18:7 21:2 21:0 21:3 21:8 22:0 0:0 0:0 1.379 BC
33 188.974045 62.36533    83  11 30:0 30:0 30:0 30:0 30:0 30:0 30:0         
34 188.975662 62.33664       30:0 30:0 30:0 30:0 30:0 30:0 30:0         
35 188.979218 62.26986          20:9 22:8 22:9 24:2 26:1 26:3 0:4  0:8 1.021
36 188.979752 62.30003       20:1 16:7 [18:0] [18:0] 20:0 21:0 22:5 0:4 0:6 star C
37 188.980545 62.25133       19:0 17:7 19:5 19:1 19:6 20:1 20:9  0:4 0:4 0.207
38 188.983414 62.26553    89  9 21:6 18:3 20:6 20:5 21:4 22:5 23:9 0:4 0:0 0.436 C
39 188.983841 62.20530          18:8 22:0 22:1 23:7 24:7 25:9 0:0 0:4 obs
40 188.984589 62.27145       18:4 16:2 18:1 [18:0] 18:8 19:7 21:2 0:0 0:6 0.296
41 188.989426 62.25461          22:1 23:7 23:3 23:8 24:0 24:3 0:0 0:0 2.423
42 188.990326 62.17350       22:6 20:7 22:4 21:9 22:2 22:4 23:2  0:4  0:4 3.067 BC
Table 1. (continued)
B01 RA Dec 850 m 20 cm R(iso) HK
0
z
0
I R V B x
a
y
a
z type
b
(2000) (2000) (mJy) (Jy) (
00
) (
00
)
43 188.991257 62.21950          20:2 25:1 24:7 25:3 25:3 25:7         
44 188.991577 62.35342             22:0 22:0 23:1 23:8 24:3 0:0  1:2    C
45 188.993896 62.18383       21:3 18:1 20:4 20:3 21:2 22:2 23:0  0:4 0:8 0.637
46 188.995499 62.26194       20:3 18:3 20:2 19:9 20:4 20:7 21:3  0:8  1:2 0.108
47 188.998795 62.26386    212  13 19:2 17:0 19:1 19:0 19:6 20:2 21:2 0:0 0:0 0.375
48 189.000381 62.30453          20:5 22:5 22:6 23:7 24:3 24:6 0:4  0:4 1.142
49 189.001876 62.32375             23:6 23:1 23:4 23:6 24:3 0:0  0:4 3.190 BC
50 189.006454 62.23500           22:7 23:2 23:0 23:5 23:8 24:1  0:4 0:8 obs
51 189.012832 62.39180       19:8    19:2 19:2 20:1 20:9 22:1  0:4  0:4 0.333
52 189.013870 62.18631    124  10 20:8 17:6 19:2 19:8 20:6 21:7 22:4  1:0 0:2 0.639 C
53 189.020385 62.33736       [18:0]    [18:0] [18:0] [18:0] 19:5 20:8 0:0 0:0 star C
54 189.022506 62.33633             22:6 22:8 23:9 24:6 25:2 0:0 0:0 obs
55 189.023910 62.16778       23:0 18:9 21:7 21:6 22:7 23:4 24:2 0:0  1:2 0.936
56 189.024047 62.19661          19:2 22:5 22:7 23:1 23:9 23:8 0:4 0:4 obs C
57 189.024368 62.14386          21:2 26:0 25:2 26:6 26:6  28:2         
58 189.026794 62.20895          21:1 24:8 24:9 25:9 26:4 27:4         
59 189.027496 62.16422    196  12 22:1 18:3 21:2 21:2 22:2 23:5 24:7 0:0 0:0 obs
60 189.027984 62.26408 4:4  1.7       20:8 22:9 22:7 23:2 23:2 23:4 0:0 0:4 2.415 C
61 189.028213 62.20581          19:3 22:6 22:5 23:7 24:7 25:7 0:0 0:0 0.747
62 189.031997 62.14739       20:4 19:7 22:3 22:3 22:8 24:1 25:7 0:0 0:0 obs
63 189.032135 62.25095 1:0  1.5       19:6 23:4 23:3 24:1 24:4 24:8 0:0 0:0 1.675 C
64 189.033950 62.17667    217  13 21:6 18:5 20:7 20:4 21:6 22:8 23:8  0:4  0:4 0.681
65 189.034378 62.26475 4:2  1.4 59  8 21:5 19:5 21:3 21:1 21:7 22:4 23:3  1:6 0:8 0.459
66 189.035873 62.24331 3:8  2.1 68  8     23:1 24:2 23:5 23:9 24:5 24:9         
67 189.037262 62.30605          21:6 25:4 26:4 27:8 28:3 27:6         
68 189.040771 62.19622       18:8 17:1 18:7 18:6 19:2 19:8 20:8 0:8  0:2 0.136
69 189.046249 62.37456    154  12 21:7    20:7 20:6 21:7 22:1 22:4 0:0 0:4 0.982 C
70 189.047027 62.15108          19:4 22:4 22:4 23:5 24:2 24:7  0:4  0:8 1.140
71 189.047622 62.36461       22:9    22:8 22:4 22:8 23:2 24:1 0:0 0:0 0.294
72 189.049346 62.17075  4:9  3.0       20:4 24:7 24:7 25:8 26:0 26:5         
73 189.049865 62.14997          22:1 23:7 23:6 24:9 25:3 25:7  0:4 1:6 obs
74 189.050079 62.19417       19:8 16:9 18:7 18:9 19:5 20:2 21:3 0:2 0:2 0.275
75 189.050293 62.32800       21:1    20:7 20:6 21:1 21:1 21:1 0:0 0:8 2.217 BC
76 189.053878 62.32494       22:8    22:9 22:4 22:8 23:5 24:6 0:0  0:8 3.938 BC
77 189.054489 62.20669           21:7 28:0 26:1 26:6 27:2 26:8         
78 189.058837 62.17150  2:4  2.3       22:2 26:9  28:3  27:8  27:1  29:2         
79 189.060211 62.17933 0:8  2.3       21:7 24:8 24:4 25:0 25:6 25:6       obs C
80 189.060272 62.22189       20:7 17:6 20:0 19:9 20:7 21:7 22:7 0:4 0:4 0.454
81 189.060623 62.12161       22:3 18:6 21:4 21:4 22:4 23:0 23:9  1:2 0:8 obs
82 189.062286 62.17411  1:6  2.2    21:2 17:3 18:9 19:0 21:0 22:0 23:3 1:4  1:0 star C
83 189.066207 62.25431 0:7  1.1       21:4 26:6 26:3 28:2 26:9  28:4         
84 189.066757 62.18553  0:3  2.3       20:6 24:4 24:4 25:4 26:3 26:2         
Table 1. (continued)
B01 RA Dec 850 m 20 cm R(iso) HK
0
z
0
I R V B x
a
y
a
z type
b
(2000) (2000) (mJy) (Jy) (
00
) (
00
)
85 189.067123 62.25375 5:7  1.1 53  8    21:9 24:6 24:3 25:3 26:2 27:3         
86 189.071044 62.16980 1:0  2.0 62  8 22:5 18:8 21:5 21:6 22:9 23:8 24:5 0:0 0:4 0.845
87 189.073501 62.22892       21:6 [18:0] 20:6 20:5 21:5 22:8 24:3 0:4 0:4 0.534
88 189.075088 62.27650 0:9  1.2 47  8 21:1 18:0 20:3 20:1 21:0 21:6 22:3 0:0  0:4 0.679 C
89 189.077468 62.18750 1:5  2.1    21:4 18:3 20:9 20:8 21:3 21:7 21:9 0:0 0:0 1.022 B
90 189.079910 62.24489 1:4  1.5       21:2 25:6 24:5 25:3 26:4 27:3         
91 189.079879 62.40544             24:1 24:0 24:9 25:7 25:9         
92 189.081451 62.21466    108  9 20:7 17:6 20:1 19:9 20:7 21:8 22:9  0:4 0:0 0.473
93 189.083038 62.31972             23:0 22:7 23:3 24:0 25:3 0:0 0:0   
94 189.085464 62.21058          20:2 24:0 24:6 25:7 26:3 26:7       obs
95 189.086959 62.23756 2:4  2.4       20:5 23:9 23:8 24:4 24:9 25:4 0:0 0:0 obs
96 189.087585 62.23669 2:9  2.4       20:5 23:8 23:6 24:4 25:2 25:6 0:0 0:4 obs
97 189.087951 62.21767 6:5  3.2       21:3 25:1 24:7 25:1 26:2 26:7       obs
98 189.088409 62.18578 1:0  1.8 52  8    18:7 21:7 21:9 23:4 24:6 25:5 0:0 0:0 1.014
99 189.091369 62.26756 0:6  1.1       21:3 26:2  28:4 27:0 29:0 28:2         
100 189.094406 62.17458  0:1  1.3       22:5 24:9 25:0 25:4 26:2 26:5         
101 189.095626 62.25744  2:1  1.1    20:5 18:6 20:2 20:0 20:3 20:3 20:5 0:0 0:0 2.590 BC
102 189.096069 62.22958 2:9  2.9    21:3 18:3 20:7 20:5 21:2 22:0 22:8  0:4 0:0 0.483
103 189.098571 62.31044          19:3 21:5 21:7 23:0 23:9 24:9 0:0  0:4 1.012
104 189.098709 62.16917  0:3  1.3       21:1  28:1 27:0 27:6  27:2  27:7         
105 189.102325 62.18650 1:5  1.6    22:9 18:7 21:4 21:3 22:7 23:7 25:0 0:0 0:0 0.747 C
106 189.104416 62.35456       [18:0]    [18:0] [18:0] [18:0] [18:0] [18:0]  0:3  0:4 star
107 189.105667 62.29381 0:6  3.0       20:4 24:2 24:4 25:3 26:2 26:6         
108 189.105865 62.23466 0:4  2.4    [18:0] 14:4 [18:0] [18:0] [18:0] [18:0] 20:3 0:0 0:0 star C
109 189.113678 62.21897  2:0  2.2        23:1  27:8 26:1 27:2  29:0 27:7         
110 189.113831 62.21614  3:6  2.2    22:8 19:6 22:0 21:9 22:7 23:2 23:7 0:0 0:0 1.218
111 189.114502 62.17389 1:6  1.1       20:0 22:6 22:6 23:7 24:8 25:8 0:0 0:0 0.762
112 189.114746 62.20506 1:0  2.7        22:5  29:6 27:7  27:2  29:6  28:4         
113 189.115677 62.19956 1:2  2.3       22:1 23:6 23:3 24:0 24:8 25:9  0:8 0:4 obs
114 189.119171 62.36086             23:9 24:0 25:1 25:6 25:9 0:4 0:4   
115 189.119873 62.13511          20:3 25:0 24:9 25:4 26:3 26:8         
116 189.120377 62.10447    58  9 22:2 18:8 21:4 21:6 22:4 23:0 23:5 0:0 0:4 1.264
117 189.121338 62.17942 5:0  1.2 81  8    18:8 22:2 22:4 23:8 24:8 26:0 0:0 0:0 1.013
118 189.122253 62.27050 1:0  1.6    21:9 18:4 21:0 20:9 22:3 23:2 24:0  0:4 0:4 0.847
119 189.122711 62.25364 1:0  1.7       21:2 23:3 23:0 23:7 24:3 25:4 0:0 0:0 obs C
120 189.123001 62.37050       22:1    21:3 21:2 22:3 22:6 23:3 0:0 1:6 0.853 B
121 189.125244 62.15659 0:2  1.6 46  8    20:0 22:4 22:4 24:0 25:0 25:6  0:4 0:4 0.953
122 189.125214 62.09522    82  9 21:0 [18:0] 20:1 20:0 20:8 21:7 22:6  1:2 0:0 0.485 C
123 189.125885 62.43911             22:8 22:8 23:8 24:2 24:5  0:4  0:8   
124 189.130295 62.16619 4:0  1.2 152  10    21:0 25:0 25:0 25:7 26:0 27:4         
125 189.132004 62.15216  0:8  1.6    19:7 16:9 19:8 19:8 20:8 21:4 22:4 0:8  0:8 0.845
126 189.133041 62.29561       22:6 19:2 21:6 21:5 22:6 23:7 24:8  0:4 1:2 0.680
Table 1. (continued)
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127 189.135117 62.13325    90  9    20:9 22:9 22:9 23:7 24:0 24:1 0:8 0:4 1.995
128 189.136551 62.34114       [18:0]    [18:0] [18:0] [18:0] [18:0] 19:1 0:3  1:1 star
129 189.138382 62.14286 0:8  2.3    22:0 18:4 21:0 21:0 21:8 22:2 22:6 0:0 0:4 0.934 C
130 189.139526 62.23836 2:1  2.3       21:3 26:0 25:1 25:0 25:3 26:4       3.403 BC
131 189.140335 62.16825 1:1  1.3 46  8 22:6 18:8 21:6 21:6 22:8 23:5 24:3  0:4 0:4 1.016
132 189.140671 62.22050  1:9  1.7       21:3 25:3 25:7 25:6 26:3 26:8         
133 189.141083 62.22436  0:9  1.8       22:7 24:3 23:8 24:5 25:3 25:9       obs
134 189.143600 62.20359 0:4  2.2 233  13 19:5 16:4 19:3 19:2 19:9 20:9 22:1 0:0 0:4 0.456
135 189.143600 62.16142 4:0  1.4       22:1 27:6 25:4 27:0 29:0 28:4         
136 189.143799 62.21156 2:4  1.9 230  13    19:1 22:1 22:3 23:3 23:9 24:3 0:0  0:4 1.219
137 189.143997 62.32389    98  9 22:7 18:7 21:2 21:3 22:7 23:7 24:6 0:8 0:0 0.871
138 189.144257 62.07744             24:9 24:8 26:4 28:4 27:4       obs
139 189.145416 62.27450  0:7  3.2       18:9 22:1 22:0 23:3 24:3 25:1 0:0 0:4 0.847
140 189.146957 62.19770  0:6  2.0       20:6 23:8 24:3 25:4 26:0 26:9 0:0 0:4   
141 189.147079 62.18608 2:1  1.8    21:4 18:0 20:5 20:4 21:3 22:4 23:8 0:0 0:0 0.410
142 189.148331 62.24011 3:0  2.4 87  8    19:3 23:0 23:0 23:6 23:9 24:2 0:0  0:4 2.005 C
143 189.148453 62.11900          20:5 22:8 23:1 24:4 26:3 26:8 0:0 0:0   
144 189.152679 62.22969 0:7  1.7    21:3 18:9 21:1 20:9 21:5 22:0 22:6 0:0 0:0 0.957
145 189.153122 62.19889 7:0  2.1    22:4 19:1 21:5 21:4 22:2 22:9 23:5 0:0 0:0 0.555 C
146 189.153275 62.37431             28:0 26:1 27:1 30:4  30:6         
147 189.153656 62.22228 1:7  1.6 50  7    23:9 27:3  26:4 27:5  27:3 30:9         
148 189.154221 62.19303 0:7  2.4    18:2 17:0 18:8 18:6 19:0 19:3 19:8  0:8 0:0 0.081
149 189.160461 62.22764 2:6  1.3       19:0 22:1 22:3 23:3 24:3 25:2 0:0 0:0 0.357
150 189.162354 62.17817 1:8  1.5       22:2 26:3  27:1  27:3  27:8  28:5         
151 189.162796 62.16220  1:0  1.5       19:8 22:8 23:1 23:9 24:7 25:1 0:0 0:4 obs
152 189.164917 62.20847 0:6  1.1       20:6 24:1 23:8 24:5 25:4 26:0       obs
153 189.165207 62.16019  0:6  1.6       20:8  25:9  29:7 29:0  26:9  29:0         
154 189.165375 62.16945 0:  1.5    22:2 19:2 21:4 21:3 22:1 23:1 24:0  0:4 0:0 0.510 C
155 189.166672 62.21394 1:0  1.1    22:2 18:5 21:1 21:0 22:1 22:8 23:7  0:4 0:0 0.848
156 189.167252 62.28217          19:0 21:5 21:5 23:1 24:2 25:4 0:4 0:0 0.943 C
157 189.167252 62.32800       [18:0] 12:6 [18:0] [18:0] [18:0] [18:0] 18:8 0:0 0:7 star
158 189.169937 62.17817 1:3  1.7       22:2 25:0 24:6 25:6 25:4 26:1       obs
159 189.173248 62.16336  0:7  1.8 75  8 21:3 17:5 20:2 20:2 21:1 22:4 23:7  0:4 0:0 0.518
160 189.174164 62.19222 0:9  2.2    19:9 18:3 20:0 19:7 20:1 20:3 20:9  0:8 0:0 0.089
161 189.175446 62.22544 1:5  1.1 467  24    21:8 25:3 24:9 25:7 26:1 28:2         
162 189.175888 62.28661          20:9 23:7 23:8 24:2 24:8 25:8 0:4  0:4 obs
163 189.175903 62.26272  1:8  3.0 150  10 22:4 18:1 21:2 21:2 22:4 23:3 24:3 0:0 0:0 0.857
164 189.176254 62.10336           22:0 28:5 26:8 26:3  29:3 29:3         
165 189.184799 62.19253  0:3  1.9 1290  61 22:4 17:7 20:9 21:2 22:7 24:3 25:8 0:0 0:4 1.011
166 189.187790 62.05244       22:4    22:1 21:8 22:2 22:2 22:5 0:4  0:4 2.455 BC
167 189.189636 62.31403          22:3 24:7 24:6 25:3 25:4 25:7          C
168 189.191162 62.13169    48  8 22:8 19:3 22:1 22:1 22:7 23:2 23:5  1:6 0:4 1.433
Table 1. (continued)
B01 RA Dec 850 m 20 cm R(iso) HK
0
z
0
I R V B x
a
y
a
z type
b
(2000) (2000) (mJy) (Jy) (
00
) (
00
)
169 189.191711 62.36261             23:8 23:7 24:3 24:7 25:3 0:4  0:4 obs
170 189.191879 62.24694 10:  2.2 124  9     22:3 24:7 25:2 25:2 25:7 26:8         
171 189.193130 62.23466 0:  1.2 179  11 22:3 18:2 20:9 21:0 22:2 22:8 23:8  0:4 0:0 0.961 C
172 189.193375 62.25811  0:3  2.3    60:7 18:9 21:8 21:8 23:1 24:2 25:4  0:4  0:4 0.851
173 189.194000 62.14925 0:9  3.0       19:7 22:9 23:0 24:4 25:4 26:5 0:0 0:0 obs
174 189.199707 62.16147  4:9  3.1       21:2 23:7 23:1 24:5 25:9 26:0  0:8  1:2 5.186 B
175 189.199799 62.17220 9:1  3.1       21:0 26:3 25:7  30:1 26:9 31:2         
176 189.200211 62.21919 0:4  .82    21:1 17:9 20:3 20:2 21:1 22:3 23:7 0:4 0:4 0.475
177 189.201248 62.24897 0:  2.1        20:8 26:6 26:2 30:2  27:2 29:3         
178 189.201584 62.24061 1:4  2.0    19:3 17:1 19:0 18:6 19:2 19:5 20:1  0:4 0:4 0.139
179 189.203629 62.36550             25:2  25:6 26:3 26:3 26:8         
180 189.203918 62.05700       22:7    21:2 21:3 22:7 23:7 24:5  0:8 0:0 0.114
181 189.204880 62.07756    850  46 [18:0]    [18:0] [18:0] [18:0] [18:0] 19:1  1:6 0:0 0.113
182 189.205627 62.31375       21:4 19:0 21:1 20:9 21:6 22:5 23:0  0:8  0:8 0.593
183 189.206039 62.22978  0:4  .95    [18:0] 15:9 18:1 [18:0] [18:0] 19:2 20:2  0:1  0:3 0.089
184 189.206955 62.12720    307  17    20:1 22:6 22:8 23:3 23:8 24:0  0:8 0:8 2.315
185 189.207336 62.22028 1:4  .81 49  7 22:4 18:8 21:4 21:3 22:0 22:9 23:9 0:0 0:4 0.475
186 189.209763 62.36286       21:6    20:8 20:7 21:5 22:2 23:0 0:0  1:2 0.476 C
187 189.210037 62.33484             22:6 22:7 24:2 25:2 26:5  0:4  0:8 1.011
188 189.212952 62.17519 7:7  4.7 95  9 20:8 17:5 20:1 20:1 20:9 21:8 23:0  0:4 0:4 0.410
189 189.213547 62.18100 1:5  3.4       19:8 22:9 23:5 24:8 26:3 27:0 0:0 0:0 obs
190 189.215683 62.20595 4:5  .80 49  7 21:8 19:0 21:4 21:2 21:9 22:5 23:6 0:0  0:8 0.401
191 189.215958 62.25136  2:5  2.3       21:2 24:9 24:6 25:4 25:5 26:0       obs
192 189.217377 62.46970       18:3    20:1 19:9 20:2 21:4 0:00 0:0 0:0 0.334
193 189.220459 62.24561 1:7  2.4 168  11 19:6 16:6 19:1 18:9 19:8 20:7 22:1 0:0 0:4 0.321
194 189.222534 62.19433 0:  1.2 65  8 22:5 19:4 22:1 22:0 22:7 23:0 23:4 0:0 0:4 1.275
195 189.223160 62.33858             23:1 23:2 24:3 25:4 26:0 0:0 0:0 1.023 C
196 189.223450 62.18764 3:9  3.0       20:8 22:5 22:4 23:2 23:7 24:0 0:0 0:0 0.890
197 189.227371 62.18639  0:9  2.7       21:3 25:5 26:0 25:9 26:7 27:0         
198 189.231094 62.21983  0:7  .91       18:8 21:6 21:9 23:3 24:3 25:5 0:0 0:4 0.955
199 189.232498 62.20020 2:1  .94       20:2 23:8 24:1 24:6 24:9 25:1 0:0 0:4 obs
200 189.232742 62.13553    106  9 22:5 17:8 21:1 21:1 22:5 23:7 25:0 0:4 0:8 0.792
201 189.235748 62.25367 1:3  2.8       22:0  26:9 26:2 27:8 31:2 29:6         
202 189.236008 62.21261  1:3  .96    21:1 17:6 20:3 20:2 21:1 22:4 23:8 0:0 0:0 0.517
203 189.237198 62.21711  0:5  .97 49  7    19:3 22:4 22:6 23:6 24:2 24:8 0:0 0:0 0.474
204 189.237076 62.08294       22:0    20:5 20:6 22:0 23:0 24:3 0:0 1:2 0.840
205 189.238922 62.17355  0:7  2.5       19:8 22:4 22:3 23:6 24:4 25:0 0:0 1:2 0.845 C
206 189.239502 62.20280 2:2  .99    21:7 17:9 20:8 20:7 21:9 23:0 24:1 0:0 0:8 0.663
207 189.240005 62.05397             24:2 23:8 24:1 24:8 25:1         
208 189.241287 62.35780             23:5 23:6 24:1 25:2 25:7 0:0 0:0   
209 189.243362 62.16625  0:1  3.2    [18:0] 16:0 18:1 [18:0] [18:0] 19:1 20:1  0:5  0:2 0.137
210 189.244293 62.06758       21:5    21:4 21:2 21:4 21:4 21:6 0:4  1:2 0.287 C
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211 189.245117 62.17286  1:4  2.4       20:1 24:5 24:2 25:2 25:4 25:9       obs
212 189.245209 62.24303  0:3  2.2    21:6 17:9 20:6 20:4 21:5 22:2 23:0 0:0 0:4 0.678
213 189.246674 62.30897    506  30    22:2  29:7  28:7 26:2 27:2 27:3         
214 189.246628 62.42314       20:7    20:7 20:4 20:5 20:7 21:2  1:6  0:8 3.085 BC
215 189.249161 62.32595          20:5 22:6 22:8 23:8 24:6 25:0 0:0 1:2 1.144
216 189.251923 62.25248 0:2  4.1       22:0 24:0 23:8 24:4 24:8 25:5       obs
217 189.254913 62.10770       19:9 16:5 18:8 19:1 20:2 21:4 22:6 1:2 0:4 0.561
218 189.256256 62.31314       18:4 20:1 21:6 21:2 21:6 22:1 23:0 0:0 0:0 0.230
219 189.257202 62.12239           21:6  25:6  27:0  27:4  27:1  27:8         
220 189.258484 62.18956  1:1  1.7    19:2 17:6 19:5 19:2 19:7 20:1 20:9 0:0 0:4 0.956
221 189.259964 62.32383          21:9 25:9 25:4 25:5 26:0 25:7         
222 189.260834 62.21222  1:7  1.9       20:7 24:1 23:9 24:2 24:9 25:2         
223 189.261307 62.26214       19:9 17:2 19:5 19:4 20:0 20:5 21:0 0:4 0:4 0.514 B
224 189.261749 62.26703          21:6 24:6 24:9 25:4 26:7 26:2       obs C
225 189.264832 62.27567       21:3 18:5 21:2 21:1 22:3 23:1 24:5  1:6 0:8 0.359
226 189.266998 62.19867 2:2  1.7        24:7 27:9 25:6  28:6 26:7 30:9         
227 189.266998 62.13194    50  8 22:0 18:4 21:4 21:4 21:9 22:3 22:8 0:0 0:8 1.253 BC
228 189.269196 62.28111       20:7 18:1 20:3 20:2 20:7 21:4 22:3 0:4 0:0 0.377
229 189.269409 62.24139 2:0  1.6    21:6 18:1 20:8 20:7 21:6 22:6 23:6 0:0 0:8 0.561
230 189.270248 62.26711          21:0 25:2 24:9 25:8 27:4 27:0         
231 189.271255 62.27633          21:5 27:2  26:6 27:9 28:6  29:5         
232 189.274841 62.02530       22:2    21:0 20:9 22:0 23:2 24:5 0:8  0:4    C
233 189.275879 62.36006       21:6    21:0 20:9 21:6 22:0 22:5 0:4 0:8 obs C
234 189.277802 62.37433             28:5  28:1 26:8 27:6 27:6         
235 189.277832 62.43058       20:1    19:5 19:5 20:1 20:8 21:1 0:4 0:0    C
236 189.278366 62.12294    72  9    18:8 22:1 22:4 23:5 24:4 25:2 0:8 0:0 0.518
237 189.278549 62.28397       19:8 18:0 19:2 18:8 19:5 19:6 20:0 0:4 0:0 1.018 BC
238 189.279404 62.14183  2:8  4.4       19:9 23:3 23:6 24:6 25:7 26:0  0:4  0:4 obs
239 189.279785 62.27845          19:7 22:7 22:9 24:0 24:6 24:9 2:0 0:0 1.017
240 189.280121 62.23555 6:2  1.3 45  7    20:3 24:4 24:6 25:4 25:9 26:9         
241 189.281113 62.33220             23:5 23:9 25:3 26:7  29:6 1:2 0:0   
242 189.281158 62.36341    70  10 22:4    22:0 22:0 22:3 23:0 23:1 0:4  0:4 1.451 BC
243 189.281876 62.09278             26:8 25:0 26:3 27:2 27:7         
244 189.282288 62.27117       22:7 18:5 21:4 21:5 22:9 23:7 24:6 0:0 0:4 0.940
245 189.283035 62.26828       22:5 18:5 21:2 21:2 22:5 23:2 24:0  0:4 0:4 0.936
246 189.284622 62.18220  1:0  1.6 45  8 20:5 17:9 20:2 20:1 20:5 21:0 21:9 0:0 0:0 0.422
247 189.286072 62.25042 0:8  2.3    22:3 19:0 21:5 21:3 22:3 23:5 25:0 0:0 0:0 0.568
248 189.287262 62.08845       22:7    21:2 21:4 22:9 24:1 25:4  1:6 0:8 0.956
249 189.288757 62.37058             23:6 23:5 24:9 25:6 26:2 0:8 0:8   
250 189.289368 62.14364 5:4  4.5 72  8 22:1 17:6 20:5 20:6 22:0 23:2 24:4 0:0 0:4 0.907
251 189.290955 62.13356       23:2 19:8 22:2 22:2 22:9 22:9 23:1 0:0 0:4 2.182 BC
252 189.291077 62.14267 6:0  4.8       19:6 22:6 22:8 24:3 26:3  29:5 0:0 0:0 obs
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253 189.291458 62.38308    708  36       22:9 23:3 24:4 25:3 25:9 0:0 0:0   
254 189.292252 62.09647           21:4 23:6 23:4 24:1 25:2 26:0 0:0 0:0   
255 189.295975 62.39097             23:1 23:2 23:6 24:3 24:5 0:4 0:8 1.392 BC
256 189.296539 62.12033          20:3 24:2 24:4 25:3 26:5 28:9         
257 189.297379 62.22528 0:7  1.3 132  10    19:8 23:1 22:9 23:7 24:1 24:8  0:8 0:4 obs
258 189.299164 62.26322          20:2 22:8 23:0 24:3 25:7 26:7 0:4 0:0 obs
259 189.299866 62.22367 4:1  1.3 53  8    21:5 25:1 24:8 25:5 26:2 26:2         
260 189.300446 62.20314 8:0  1.8       21:9 25:8 25:3 26:5 27:9 28:9         
261 189.300507 62.29833          19:3 22:9 23:1 23:9 24:6 25:4 0:4 0:0 obs
262 189.302750 62.22847 0:3  1.2        22:6 26:1  26:2  27:5 27:5 29:4         
263 189.307083 62.26266          21:2  26:1 25:5 26:9 27:6 27:8         
264 189.307541 62.24014 1:8  1.6    22:2 18:6 21:3 21:2 22:1 23:1 24:3 0:0 0:4 0.475
265 189.307877 62.24944  1:0  2.3       21:5 28:7 25:7 25:6 26:5 26:2         
266 189.307999 62.30744    595  30    23:7  25:4 25:1 28:5  27:2  27:3         
267 189.308624 62.15464          20:1 23:9 24:1 24:8 25:7 26:3 0:0 0:0 obs
268 189.309586 62.20228 4:5  1.9       20:6 23:3 23:4 23:7 24:0 24:5 0:0 0:8   
269 189.309708 62.20583 2:2  2.2       20:5 23:0 23:0 24:2 25:0 25:5 0:4 0:8 1.084 C
270 189.310410 62.31083          21:5 24:9 24:5 25:3 25:8 26:8         
271 189.310791 62.08430    58  9       22:6 22:4 23:0 23:9 24:9 0:0 0:0   
272 189.311462 62.27136          20:4 23:4 23:1 23:9 24:1 24:4 0:4 0:4 obs
273 189.313492 62.04203             24:8 25:3 25:8 26:4 27:2         
274 189.316452 62.20364 1:9  2.2       19:0 22:2 22:4 23:7 24:7 25:3 0:0 0:4 1.019
275 189.316422 62.05661    109  11 19:9    19:2 18:8 19:7 19:8 20:2 0:8  0:4 2.070 BC
276 189.317459 62.11889       21:2 18:0 20:7 20:4 21:2 21:3 21:7  0:4 0:4 0.679 BC
277 189.317627 62.19175  0:2  1.7       19:8 22:6 23:0 24:4 27:0 27:8  0:4 0:4 obs
278 189.318207 62.25356    187  12 20:9 17:5 20:2 20:1 21:2 22:2 23:5 0:0 0:0 0.230
279 189.318802 62.27867    66  8 22:4 19:6 22:1 21:8 22:4 23:1 23:7 1:2 1:6 0.557
280 189.319412 62.29261    346  19    18:9 22:1 22:1 23:2 24:0 24:9 0:4 0:0 1.146 C
281 189.319946 62.10653          19:4 22:5 22:5 23:6 24:2 24:8 0:0 0:0 obs
282 189.320038 62.09806       21:9 19:6 21:6 21:2 21:8 21:8 22:2 0:8 0:4 1.939 BC
283 189.324295 62.31547       22:2 21:4 21:8 21:6 22:1 22:1 22:3 0:4 0:4 2.218 BC
284 189.328506 62.11444          21:0 23:5 23:2 23:8 24:1 24:4 0:0 0:0 2.729 C
285 189.329300 62.17377  0:4  3.5        21:8 25:3 25:0 25:7  27:8 30:8       4.137
286 189.332748 62.07583             23:1 23:2 24:2 25:2 25:7 0:0 0:0   
287 189.332916 62.16533          21:7 24:0 23:9 24:4 24:8 25:2       2.638 C
288 189.334702 62.23131 1:3  1.7       19:4 22:6 22:6 23:9 24:9 25:9 0:0 0:8 obs
289 189.335007 62.25653          18:5 21:5 21:8 23:3 24:9 26:3 0:0 0:0 0.935
290 189.340179 62.21292 2:8  2.7    17:5 17:4 19:5 19:9 20:2 20:2 21:5 0:0 0:0 0.104
291 189.341125 62.17647 12:  4.1    22:6 18:5 21:3 21:3 22:6 23:3 24:1 0:0 0:4 0.978
292 189.343246 62.09341             25:9  27:2 27:9  26:9 27:6         
293 189.344635 62.15978          22:2 24:8 24:2 24:6 24:9 25:2       obs
294 189.346664 62.26069          21:4 23:7 23:5 24:1 24:4 24:8 0:0 0:4 2.240 C
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295 189.348053 62.35353 1:1  1.5          23:6 23:5 23:8 24:1 25:2 1:2 0:8    C
296 189.350082 62.21783          20:6 23:7 24:0 24:5 24:9 25:2 0:0 0:0 obs
297 189.350708 62.21119          22:6 25:0 24:1 25:5 27:0 29:2         
298 189.351196 62.23320          20:5 24:1 23:9 24:9 25:3 25:7       obs
299 189.354416 62.14906    90  9    18:7 22:0 22:2 23:7 25:0 25:8  0:4 0:0 obs
300 189.356171 62.32811  1:1  1.4 122  10 18:6    18:9 18:7 19:2 19:7 20:7 0:4 0:4 0.279
301 189.356339 62.28544          21:5 25:7 26:4 26:1  27:2 28:3         
302 189.357132 62.28017       20:0 16:0 [18:0] [18:0] 19:7 20:7 22:1 0:0 0:0 star C
303 189.357285 62.37883             22:9 22:7 23:2 23:1 23:5  0:8  0:8 2.214 C
304 189.357498 62.04192       21:1    20:5 20:4 21:1 21:5 22:0 0:4 0:4 0.605 C
305 189.360367 62.07592             22:9 22:9 23:5 23:9 24:3 0:0 0:0 obs
306 189.360840 62.34119  0:8  1.3 102  10       24:1 24:1 25:0 25:3 26:0         
307 189.361603 62.29655          21:3 24:3 24:9 25:0 25:3 25:7       obs
308 189.374039 62.21019       22:5 20:5 22:6 22:2 22:6 22:7 23:4  0:4  0:4 0.159
309 189.378540 62.14717       22:5 18:3 21:1 21:1 22:5 23:6 24:7  0:4  0:4 0.777
310 189.379578 62.17522          21:7 26:2 25:0 26:6 27:5 28:6       obs
311 189.381638 62.21811          21:4 24:7 24:5 25:3 25:7 26:7         
312 189.382233 62.28431          21:2 23:2 23:2 24:0 24:6 24:9  1:2 0:0   
313 189.384125 62.21275       23:0 18:2 21:4 21:6 22:9 23:9 24:7  0:4 0:8 1.022
314 189.391998 62.27331          20:2 25:3 25:2 25:8  30:5  27:8         
315 189.392380 62.15873    142  11 19:3 16:5 18:8 18:4 19:4 20:0 21:1 0:8 0:0 0.189
316 189.393951 62.23220 4:3  2.1    21:7 18:0 20:8 20:7 21:9 22:7 23:5 0:0 0:4 0.839
317 189.395584 62.32114  3:1  2.8       20:8 23:7 23:5 24:1 24:6 25:4 0:0 0:0   
318 189.396378 62.21861          19:0 22:2 22:2 23:3 24:6 26:1 0:0 0:0 obs
319 189.397705 62.23167 4:1  2.0       19:8 23:5 23:5 24:4 25:2 25:6  0:8 0:0 obs
320 189.399841 62.30156          21:1 23:1 23:2 23:7 24:5 25:1 0:0 0:0   
321 189.402420 62.18089       22:1 20:6 22:3 22:1 22:3 22:5 22:8  0:8 1:2 0.033
322 189.403717 62.24136 1:7  1.4 57  8    20:4 24:7 26:6 26:2 26:6 27:0         
323 189.404541 62.30956          21:5 25:2 25:9 27:6 30:5 28:8         
324 189.407532 62.27508       [18:0] 13:9 [18:0] [18:0] [18:0] [18:0] [18:0] 0:3 0:3 star
325 189.408386 62.28708          21:4 23:9 23:7 24:0 25:7 26:0 0:0 0:0 obs C
326 189.408478 62.21911 6:1  4.0       19:4 22:9 23:1 24:7 26:3 26:6  0:8 0:4 1.238
327 189.413483 62.34995    72  10 20:9    20:2 20:1 20:8 20:9 21:5 0:4  0:4 0.837 BC
328 189.415298 62.22703 1:9  1.6    22:5 18:1 21:0 21:0 22:5 23:5 25:0 0:8 0:4 0.838
329 189.415573 62.28378       21:1 17:9 20:7 20:5 21:4 22:4 23:7 0:0 0:0 0.458
330 189.420746 62.20003       22:4 18:7 21:7 21:7 22:5 22:9 23:3 0:0 0:4 1.168
331 189.421463 62.17984          20:1 25:0 24:6 27:1 26:7 27:1         
332 189.422470 62.21419    163  11    19:0 22:5 22:5 23:6 24:2 24:8  0:4 0:4 obs
333 189.426376 62.25506  0:9  1.6    18:8 17:1 18:6 18:3 19:0 19:4 20:1  0:2 0:2 0.069
334 189.427673 62.30339       21:7 19:5 21:2 21:1 21:5 21:5 21:8  0:8  0:4 2.302 BC
335 189.428329 62.13131       22:3 18:8 21:5 21:5 22:3 22:9 23:5  1:2  1:2 1.084
336 189.431747 62.09422             25:4 25:4 26:4 28:8 29:7         
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337 189.435577 62.11150          23:2  28:8  26:8  27:3  26:5  28:4         
338 189.437119 62.12208          21:2  26:1  25:4 27:4  28:0 30:0         
339 189.442703 62.17656          22:2  25:7 25:9 25:9 27:3 27:0       obs
340 189.444733 62.12047          21:0 25:2 25:4 26:8 25:9 27:5         
341 189.450378 62.35725       [18:0]    [18:0] [18:0] [18:0] 22:0 24:0 0:0 0:0 star C
342 189.459137 62.23297 0:3  1.3 90  9    20:7 24:4 24:8 26:3 27:2 27:1       obs
343 189.469589 62.27439    79  9 19:2 16:6 18:7 18:5 19:3 19:9 20:5 0:2 0:6 0.307 B
344 189.469635 62.12228    86  10 22:3 19:0 21:2 21:4 22:7 23:5 24:3  0:8  0:4 0.968
345 189.476181 62.18317    285  16    19:0 22:6 23:1 24:2 25:5 25:7 1:2 1:6 obs
346 189.477219 62.16911           20:9 25:4 24:2 25:5 26:8 26:9       obs
347 189.477539 62.31175             26:6 25:0 25:7 26:1 26:6         
348 189.488876 62.27442       22:0 22:2 21:7 21:4 21:8 22:6 23:2  0:4  0:4 2.922 BC
349 189.498459 62.18391    85  10 [18:0] 16:7 18:2 [18:0] [18:0] [18:0] 18:8  0:5 0:6 0.909 B
350 189.503204 62.14436           20:7 25:8 26:7 27:2  27:6 28:1         
351 189.504028 62.22669 4:2  2.0 190  13 [18:0] 16:6 [18:0] [18:0] [18:0] 19:1 19:2  0:4  0:2 0.443
352 189.513092 62.18453          19:7 23:3 23:3 23:9 24:6 25:0 0:0 0:0 obs
353 189.518616 62.25686           21:9 23:4 23:3 23:9 24:2 24:6  1:2 1:2 obs
354 189.521927 62.12750       22:3    21:3 21:3 22:3 22:9 23:7  0:8 1:2   
355 189.525452 62.17970       20:3 17:1 19:8 19:7 20:5 21:4 22:2  1:6 0:8 0.570
356 189.528778 62.21197  1:5  1.9 1010  53 22:4    21:0 21:3 22:8 24:3 25:2  1:2  0:8 1.024
357 189.544052 62.29133             22:8 23:2 24:2 25:2 26:1  0:4 0:8   
358 189.555740 62.14953             24:2 24:3 25:6 26:9 26:6         
359 189.556091 62.19280  4:7  3.9          27:2  25:9  28:4  27:0  30:9         
360 189.569946 62.18178       22:6    21:4 21:6 22:6 23:2 23:8 0:4  1:2 obs
361 189.572830 62.26914             22:8 22:9 23:3 24:0 24:0  1:2 0:4   
362 189.593246 62.23797       22:8    21:6 21:7 22:8 23:5 24:0  0:8 0:0 0.986
363 189.596161 62.17747             24:4 24:5 26:2 26:7 29:7         
364 189.597916 62.16211             25:1 24:8 25:3 25:8 25:9         
365 189.599289 62.25472             25:8 30:9 25:7 27:4 27:3         
366 189.618332 62.15092       22:0    21:8 21:5 21:8 22:0 22:5  1:6 1:2    C
367 189.630295 62.20628       22:7    22:3 21:9 22:5 22:5 23:0  0:8  0:8    C
368 189.642166 62.24383             26:3  25:6 27:4  26:6  27:6         
369 189.670975 62.20042       22:5    21:5 21:6 22:8 23:4 24:0  0:8  0:4   
370 189.689728 62.16689       [18:0]    [18:0] [18:0] [18:0] [18:0] [18:0] 0:0 1:3 star
a
Positive osets are to the East and North.
b
B indicates the spectrum has broad emission lines. C indicates the source is optically compact.
